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The  purpose  of  this  study  was  to  develop  the  necessary  design  information  for 
the  development  of  a  portable,  gasoline -fired,  radiant  heater  to  keep  personnel  and 
equipment  warm  in  the  Arctic  environment.  The  heater  is  required  to  adequately 
heat  a  space  8  feet  in  diameter  located  from  4  to  10  feet  from  the  heater,  at  an 
ambient  temperature  in  the  range  of  0  to  -50  c  F  and  winds  up  to  20  mph.  Focusing 
of  the  radiation  emanating  from  the  heater  is  considered  essential  to  maintain  high 
heating  rates  at  these  distances. 

To  accomplish  these  objectives  a  combined  approach  of  analysis  and  experi¬ 
mentation  was  utilized.  The  heat  loss  from  equipment  and  personnel  in  the  specified 
thermal  environment  was  calculated  from  which  the  heating  rate  necessary  to 
maintain  comfort  and  adequate  manual  dexterity  was  established.  The  heat  transfer 
from  various  source  geometries  and  reflector  combinations  was  analyzed  to  predict 
the  spatial  flux  density  distribution  at  the  target  area.  The  range  of  commercially 
available  radiant  heaters  was  surveyed  and  evaluated  to  select  the  more  promising 
configurations  for  experimental  evaluation.  A  test  apparatus  was  designed  and 
instrumentation  selected  to  measure  the  radiant  output  of  the  heater  and  the  flux 
density  at  the  target  surface.  Special  reflectors  were  designed  to  improve  the 
focusing  of  radiation  from  these  heaters.  Performance  tests  were  conducted  on 
these  heaters  in  a  stationary  ambient  and  with  a  20  mph  wind.  The  results  obtained 
were  utilized  to  refine  the  theoretical  analysis.  Based  on  these  results  it  was  con¬ 
cluded  that  a  hemispherical  source  in  a  paraboloidal  or  hyperboloidal  reflector 

represents  the  optimum  configuration  for  the  specified  requirements.  Since  no  such 
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DESIGN  DATA  FOR  THE  DEVELOPMENT  OF 


PORTABLE,  INFRARED,  RADIANT  HEATERS 


1 .  Introduction 


This  report  summarizes  the  results  of  a  technical  program 
conducted  to  determine  the  necessary  design  information  and  make 
recommendations  for  a  liquid -fuel -fired  radiant  heater  to  effectively 
warm  personnel  and  disabled  equipment  in  the  Arctic  so  that  repair 
work  can  be  performed. 

1.  1  Objectives 


The  ultimate  objective  of  this  program  is  to  develop 
an  efficient,  portable  radiant  heater  to  keep  personnel  and  disabled 
equipment  warm  in  an  Arctic  environment,  in  order  to  permit  repair'; 
to  equipment  without  necessitating  its  removal  to  a  heated  repair  area. 
The  present  program  is  restricted  to  demonstrating  the  feasibility  of 
such  a  liquid -fuel -fired  burner  and  the  securing  of  necessary  analytical 
and  experimental  information  for  the  design  of  such  a  unit. 

The  specific  objectives  of  this  program  are  as  follows: 

(a)  Determine  the  heating  rate  required  to  adequately 
warm  equipment  and  personnel  working  outdoors 
in  temperatures  of  0  to  -50  CF  and  with  winds 

up  to  20  mph. 

(b)  Investigate  various  measuring  techniques  for 
determining  the  spatial  distribution  of  the  radiant 
heat  flux  falling  on  the  target  area  and  of  the 
radiant  intensity  over  the  surface  of  the 
radiating  element  of  the  heater. 


(c)  Study  the  effectiveness  of  various  models  of 
radiant  energy  heaters  to  determine  the  most 
feasible  type  for  personnel  heating.  These  are 
to  include  state-of-the-art  commercially  avail¬ 
able  examples  of  electric,  natural  gas,  and 
propane  gas  heaters  as  well  as  a  liquid  fuel 
fired  heater  to  be  supplied  by  the  Government. 
The  spatial  radiant  heat  flux  distribution  will  be 
studied  for  a  target  8  ft  in  diameter  and 
located  at  distances  up  to  10  ft  from  the  heater. 

(d)  Investigate  various  methods  to  focus  infrared 
heat  to  obtain  the  desired  spatial  heat  flux 
distribution  from  heat  sources  having  various 
geometries  such  as  points,  lines,  and  convex, 
concave  or  flat  surfaces.  Particular  emphasis 
will  be  placed  on  developing  a  practical  method 
of  collimating  or  focusing  the  energy  from  the 
round  flat  disc  used  as  the  emitter  surface  in 
the  existing  liquid -fueled  heater  which  will 
prevent  excessive  diffusion  or  spreading  of  the 
heat  flux  at  distances  of  4  to  8  ft  from  the 
heater. 

(e)  Evaluate  various  materials  for  construction  of 
the  radiant  burner  face  and  emitter  for  the 
liquid -fuel -fired  heaters. 

(f)  Provide  design  recommendations  for  a  liquid  - 
fuel -fired  radiant  heater  with  adequate  safety 
controls. 


2 


1.  2  Background 


Personnel  exposure  to  the  intense  Arctic  cold  and  high 
winds  makes  the  repair  of  disabled  equipment  in  the  field  without 
removal  to  heated  repair  areas  extremely  difficult.  A  requirement 
exists  for  a  radiant  heater  to  adequately  warm  personnel  and  dis¬ 
abled  equipment  so  that  such  work  can  be  conducted.  A  radiant 
heater  was  selected  as  the  most  direct  means  of  heating  the  object 
with  a  minimum  of  dependence  on  the  intervening  space.  Because 
of  Army  fuel  policy  and  logistics,  leaded  gasoline  was  selected 
as  the  fuel. 

Under  contract  to  the  Army,  a  radiant  heater  was 
developed  using  gasoline  as  the  fuel  with  a  "Cercor"*  radiant 
burner.  The  heating  rate  of  the  burner  was  25,  000  BTU/hr  based  on 
the  fuel  input  rate.  This  was  sufficient  to  warm  a  person  close 
(less  than  4  ft)  to  the  heater  surface.  However,  due  to  excessive 
heat  dispersion,  the  radiant  heat  flux  at  a  distance  of  8  to  10  ft 
from  the  emitter  was  inadequate  to  provide  sufficient  heating. 

The  final  heater  design  weighed  12  lbs,  whereas  the 
desirable  weight  was  10  lbs  or  less.  It  lacked  a  safety  control  to 
shut  off  fuel  in  case  of  flame  failure  or  rupture  of  the  fuel  lines. 

In  addition,  its  performance  deteriorated  significantly  in  windy 
environments. 


These  results  suggested  that  a  more  general  program 
was  necessary  to  review  the  necessary  personnel  heating  requirements 


*  Corning  Glass  Works,  New  York 
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and  the  capability  of  various  commercially  available  radiant  type 
heaters.  Such  a  program  has  been  outlined  m  the  previous  section. 

A  more  detailed  exposition  of  the  technical  aspects  of  radiant  heaters 
and  the  approach  followed  is  presented  in  the  following  sections. 

1.  3"  Scope  of  Studies 

The  scope  of  this  study  includes  the  analysis  and  ex¬ 
perimental  evaluation  of  the  radiant  heating  performance  of  various 
radiant  source -reflector  configurations  from  which  an  optimum  con¬ 
figuration  has  been  selected. 

Specific  studies  conducted  during  this  program  cover 
the  following  major  areas: 

(a)  Estimation  of  Radiant  Heat  Rate  Requirement 

This  task  was  devoted  to  an  analysis  of  the 
radiant  heat  input  required  to  keep  equipment  and  personnel  reasonably 
warm  under  the  specified  environmental  conditions.  The  results  of 
this  analysis  are  presented  in  Section  3. 

(b)  Radiant  Energy  Transfer  from  Various 
Source -Reflector  Combinations 


This  study  was  aimed  at  analyzing  the  effective¬ 
ness  of  radiant  heat  transfer  and  the  spatial  flux  density  distribution 
at  the  target  from  various  sour ce -reflector  combinations.  The 
analysis  covered  area,  line,  and  point  source  and  conical,  parabolic, 
and  hyperbolic  reflectors.  The  results  of  this  analysis  are 
summarized  in  Section  4  while  the  detailed  analytical  development 
is  presented  in  Appendices  A  and  B. 
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(c)  Survey  and  Evaluation  of  Commercially 
Available  Radiant  Heater 


This  study  was  devoted  to  a  general  survey  of 
the  performance  characteristics  of  infrared  heaters  as  well  as  a 
detailed  survey  of  commercial  units.  In  order  to  compare  the  per¬ 
formance  of  these  heaters  with  theoretical  predictions,  they  have 
been  classified  according  to  source  type  such  as,  area,  line,  or 
point.  This  evaluation  was  used  as  a  basis  for  the  selection  of 
certain  heaters  for  further  experimental  evaluation.  The  results 
of  this  study  are  described  in  Section  5. 

(d)  Experimental  Program 

An  experimental  program  was  designed  to 
measure  heater  performance  and  the  spatial  flux  density  distribution 
at  the  target.  Test  instrumentation  was  selected  based  on  a  survey 
of  commercial  units.  Measurements  were  made  on  the  heaters, 
with  and  without  additional  reflectors,  both  in  a  stationary  ambient 
and  in  the  specified  wind.  Measured  values  were  compared  with 
theoretical  predictions.  The  results  of  this  experimental  program 
are  discussed  in  Section  6. 

(e)  Materials  of  Construction  of  the  Emitter  Surface 

This  task  was  devoted  to  a  saidy  of  different 
construction  materials  for  the  emitter  surface  and  a  summary 
discussion  presented  in  Section  7. 
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(f)  Special  Design  Requirements  for  a  Liquid- Fuel  - 

Fired  Radiant  Heater  - 

Special  design  features  for  liquid  fuel  operation 
and  salety  under  the  operating  environments  are  discussed  in  Section  8 

(gi  Parametric  Design  Analysis  of  a  Radiant  Heater 

A  radiant  heater  was  analyzed  as  a  system  con¬ 
sisting  of  a  burner,  heat  exchanger  and  a  emitter.  Parametric- 
analyses  have  been  developed  for  these  heater  subsystems  from  which 
a  novel  radiant  heater  system  has  been  synthesized.  The  results  of 
this  analysis  are  presented  in  Appendix  C. 

(h)  Conclusions  and  Recommendations 

The  salient  conclusions  of  this  study  and 
recommendations  for  further  development  work  are  summarized  in 
Section  9. 
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Summary  and  Conclusions 


This  program,  conducted  for  the  U.  S.  Army  Natick  Laboratories, 
Natick,  Massachusetts,  was  aimed  at  developing  the  necessary  design 
information  for  the  development  of  a  portable,  gasoline -fired,  radiant 
heater  to  keep  personnel  and  equipment  warm  in  the  Arctic  environ¬ 
ment.  Such  a  heater  would  permit  equipment  to  be  repaired  on  site 
without  necessitating  removal  to  a  heated  repair  area.  The  environ¬ 
mental  conditions  specified  are  temperatures  in  the  range  of  0  to 
-50  °F  and  winds  up  to  20  mph.  The  heater  is  required  to  adequately 
heat  a  space  8  ft  in  diameter  and  located  from  4  to  10  feet  from  the 
heater.  Focusing  of  the  radiation  emanating  from  the  heater  is  essential 
to  maintain  high  heating  rates  at  these  distances. 

To  accomplish  these  objectives  a  combined  approach  of  analysis 
and  experimentation  was  utilized.  The  heat  loss  from  equipment  and 
personnel  in  the  specified  thermal  environment  was  calculated,  from 
which  the  heating  rate  necessary  to  maintain  comfort  and  adequate 
manual  dexterity  was  established.  The  heat  transfer  from  various 
source  geometries  and  reflector  combinations  was  analyzed  to  predict 
the  spatial  flux  density  distribution  at  the  target  area.  The  range 
of  commercially  available  radiant  heaters  was  surveyed  and  evaluated 
to  select  the  more  promising  configurations  for  experimental 
evaluation.  A  test  apparatus  was  designed  and  instrumentation 
selected  to  measure  the  radiant  output  of  the  heater  and  the  flux 
density  at  the  target  surface.  Special  reflectors  were  designed  to 
improve  the  focusing  of  radiation  from  these  heaters.  Performance 
tests  were  conducted  on  these  heaters  in  a  stationary  ambient  and  with 
a  15  mph  wind.  The  results  obtained  were  utilized  to  refine  the 
theoretical  analysis  and  to  develop  design  charts  for  the  preliminary 
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sizing  of  radiant  heaters  to  meet  a  specified  flux  density  requirement 
at  the  target.  From  this  it  was  concluded  that  a  heater  consisting 
of  a  hemisnher ical  source  in  a  paraboloidal  or  hyperboloidal  reflector 
represents  the  optimum  configuration  for  the  specified  requirements. 

No  commercially  available  heater  was  found  which  is  capable 
of  operating  in  the  specified  Arctic  environment  of  -50  CF  and  20  mph 
winds  and  providing  the  necessary  heating  rate  to  keep  personnel  and 
equipment  warm.  The  Government  furnished  (GFP)  gasoline  heatei 
was  found  to  be  totally  unsuitable  for  this  application. 

With  a  limited  amount  of  design  effort,  a  novel  radiant  heater 
design  has  been  developed,  called  the  FMA  radiant  heater,  which  has 
the  best  performance  of  all  the  heaters  tested  and  offers  the  potential 
of  being  designed  for  Arctic  operation.  The  radiant  flux  density  at 
the  target  from  this  heater  was  found  to  approach  the  minimum  con¬ 
sidered  necessary  for  personnel  and  equipment  heating.  A  further 
program  for  the  development  of  a  liquid -fuel -fired  Foster -Miller 
radiant  heater  has  been  recommended. 

The  scope  of  the  specific  studies  conducted  during  this  program 
and  the  resulting  principal  conclusions  are  summarized  in  the  following 
paragraphs. 

2*  1  Radiant  Flux  Density  Required 

From  a  survey  of  the  literature  on  personnel  comfort 
and  minimum  temperature  for  adequate  manual  dexterity,  such  as 
the  handling  of  tools  while  repairing  equipment,  a  minimum  allowable 
hand  temperature  of  55<>F  is  indicated.  From  an  analysis  of  heat 
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loss  from  personnel  and  tools,  to  an  ambient  of  '50  F,  a  minimum  radiant  flux 

2  2 

density  of  200  Btu/hr-ft  to  the  clothed  body  and  400  Btu/hr-ft  to  the  hand¬ 
work  area  was  considered  necessary  to  maintain  a  55°F  hand  temperature.  The 
higher  value  of  400  Btu/hr-ft  is  to  help  maintain  the  tools  and  hands  adeauately 
warm  and  has  been  used  as  one  of  the  design  criteria  for  this  program.  It  is 

realized  that  an  impiactically  high  heating  rate  may  be  required  to  heat  and 

0 

maintain  large  pieces  of  disabled  equipment  at  50  F.  Rather,  effort  must  be 
made  to  minimize  contact  of  the  hands  with  cold  equipment  and  tools  and  to 
replace  heat  which  is  lost  from  the  hands.  Also,  since  infrared  radiation  is 
directional,  several  units,  suitably  pieced  will  be  needed  to  provide  uniform 
heating  over  the  maintenance  personnel  and  the  work  site.  This  is  the  recom¬ 
mended  mode  of  operation. 


2. 2  Analysis  of  Radiant  Heating  Performance  of  Various 
Source-Reflector  Configurations 


The  spatial  flux  density  distribution  over  the  8- foot  diameter 
target  area  located  from  4  to  10  feet  away  from  the  heater  was  analyzed. 

Sources  were  categorized  into  area,  line  and  point  sources;  within  these, 
circular  disc,  rectangular,  cylindrical  and  spherical  geometries  were  analyzed. 
Reflectors  analyzed  included  conical,  parabolic,  and  hyperbolic  configurations. 

These  source  geometries  correspond  to  the  actual  units  tested 
as  part  of  the  experimental  program.  Theoretically  predicted  values  of  the 
spatial  flux  distribution  were  compared  with  actual  measured  values.  The  cor¬ 
relation  was  feund  to  be  extremely  good.  Based  on  this  analysis,  design 
charts  were  developed  for  the  preliminary  sizing  of  heaters  to  provide  a 
specified  flux  density  at  the  target. 
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The  analysis  war  utilized  to  compare  on  an  equal  basis, 
the  heating  performance  of  three  source -reflector  configurations, 
namely,  circular  disc  source  -  conical  reflector,  cylindrical  source  - 
parabolic  reflector,  hemispherical  source  -  parabolic  reflector.  The 
results  showed  the  hemispherical  source  -  parabolic  reflector  system 
to  be  the  optimum,  having  a  flux  density  which  is  50  percent  greater 
than  that  of  the  disc  source  -  conical  reflector  system. 

For  the  Government  furnished  (GFP)  gasoline  -heater , 
consisting  of  a  circular  disc  source,  a  conical  reflector  was  found 
to  be  the  optimum  configuration  with  a  possible  increase  in  the  flux 
density  by  a  factor  of  3. 

2.  3  Survey  and  Evaluation  of  Commercial  Infrared  Heaters 


The  range  of  commercially  available  infrared  radiant 
heaters  was  surveyed.  This  included  liquid  fuel  and  gas -fired  and 
electric.  No  commercial,  liquid  fuel -fired,  portable,  infrared 
heater  could  be  found.  A  variety  of  electric  heaters  are  commercially 
available.  They  are  generally  high  temperature,  high  intensity  sources 
which  radiate  energy  at  shorter  wavelengths,  considered  non -optimum 
for  absorption  by  the  receiver.  In  addition,  the  complexity,  in¬ 
convenience,  and  inefficiency  of  generating  electricity  at  site,  added 
to  the  overall  unattractiveness  of  electric  heating  for  this  application. 
Thus,  though  one  electric  heater  was  selected  for  testing,  general 
consideration  of  electric  heating  was  deemphasized. 

Of  the  fifteen  commercial  heaters  surveyed,  five  were 
selected  for  testing.  The  principal  selection  criterion  was  source 
geometry  of  the  heater.  They  include: 
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1.  Radiant  System' s  Pyroccre  -  cylindrical  source. 

2.  Hupp  Propane  Heater  -  rectangular  source. 

3.  Hot-Tot  Heater  -  cylindrical  source. 

4.  Selas  Radiant  Burner  -  hemispherical  source. 

5.  Hi-Shear  Electric  Heater  -  circular  disc  source 

In  addition  two  other  heaters  tested  are: 

1.  Government  furnished  gasoline  heater  -  circular 

disc  source. 


2.  Foster -Miller  Radiant  Heater  -  hemispherical 

source. 


Experimental  Program 


A  test  apparatus  was  designed  to  measure  the  fuel  input, 
the  radiant  intensity  of  the  emitter,  and  the  spatial  flux  density 
distribution  at  the  target  area.  An  Ircon  Model  300  Radiation 
Pyrometer  was  used  to  measure  the  black  body  temperature  dis¬ 
tribution  of  the  source  and  hence  its  radiant  intensity.  An  Eppley 
Thermopile  Radiometer  was  used  to  measure  the  radiant  flux 
density  distribution  over  the  target  area. 


Test  measurements  were  made  on  these  heaters  in  a 
stationary  ambient  and  with  a  15  mph  wind.  The  Hi-Shear  Electric 
Heater  and  Selas  Radiant  Burner  were  found  to  be  unsatisfactory  and 
were  not  tested  extensively.  Tests  results  for  the  other  heaters 
are  summarized  in  the  following  Table  I.  This  table  includes  a 
comparison  of  the  heater  source  temperature,  the  total  radiant 
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energy  output,  the  fuel  efficiency  and  the  radiant  flux  density  at 
target  distances  of  4  and  8  feet  when  operating  in  both  stationary  and 
windy  environments.  The  salient  results  of  this  experimental  pro¬ 
gram  are  summarized  here. 


Source  Temperature  and  Fuel  Efficiency 


The  mean  source  temperature  and  fuel  efficiency 
are  direct  measures  of  the  effectiveness  of  the  burner  and  emitter 
design  of  the  radiant  heater.  In  general  it  is  desirable  to  have  a 
high  mean  source  temperature  together  with  a  high  fuel  efficiency. 


The  surface  combustion  heater  designs,  such 
as  the  GFP  gasoline  heater  and  the  Hupp  propane  heater,  where  the 
flame  holder  is  both  the  heat  exchanger  and  the  emitter,  have  a 
poor  heat  exchange  effectiveness.  This  results  in  a  high  exhaust 
gas  temperature,  low  emitter  temperature  and  poor  fuel  efficiency. 
The  measured  fuel  efficiency  of  the  GFP  gasoline  heater  is  only 
40  percent  at  a  mean  source  temperature  of  1200CF.  Similar  values 
for  the  Hupp  propane  heater  are  50  percent  and  1360CF. 


The  FMA  heater  and  the  Hupp  Hot-Tot  heater 
designs  have  separate  burner  and  heat  exchange  surfaces  thus 
resulting  in  higher  fuel  efficiencies  and  emitter  temperatures. 

The  FMA  heater  has  the  highest  measured  efficiency  of  74.  5  percent 
at  a  mean  source  temperature  of  1400rF.  The  Hupp  Hot -Tot  is 
equally  efficient  at  69  percent  at  a  source  temperature  of  1500 c  F. 


The  Pyrocore  heater  is  a  good  design  of  a 
surface  combustion  type  burner  operating  at  a  fuel  efficiency  of 
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65.7  percent  at  a  source  temperature  of  J  540 '  F.  It  has  the  highest 
source  temperature  of  all  the  heaters  tested. 

The  FMA  heater  design  has  not  been  optimized. 
An  improved  heat  exchanger  design  for  the  source  is  likely  to  result 
in  a  source  having  a  mean  black  body  temperature  of  1600  C  F  with  a 
small  reduction  in  fuel  efficiency  but  a  50  percent  increase  in  the 
total  heat  flux  radiated. 

b.  Heat  Flux  Density  at  the  Target  Surface  - 

Effect  of  Reflectors 


The  measured  flux  density  distribution  at  the 
target  surface  from  the  various  heater  source  and  reflector  con¬ 
figurations  is  seen  to  confirm  the  theoretical  predictions  of  their 
relative  performance.  For  comparable  fuel  inputs,  the  highest  flux 
density  is  obtained  with  the  hemispherical -source,  paraboloidal -reflecto r 
FMA  heater  and  the  lowest  with  the  area -source,  conical -reflector 
GFP  gasoline  heater.  The  cylindrical  or  line  source  with  a  para¬ 
boloidal  reflector,  such  as  the  Pyrocore  heater,  is  intermediate  in 
value. 


The  flux  density  distribution  over  the  target 
was  generally  non-uniform  for  all  heaters,  with  a  peak  along  the 
axis  and  a  minimum  at  the  outer  radius  of  the  target.  This  ratio 
of  maximum  to  minimum  flux  density  was  largest  at  ’arget  distances 
close  to  the  heater,  such  as  4  feet.  At  the  larger  target  distances, 
such  as  8  feet,  the  flux  density  distribution  would  tend  to  be  more 
uniform.  The  addition  of  reflectors  to  direct  the  radiation  at  the 
target  would  generally  result  in  an  increase  in  both  the  mean  flux 
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density  and  the  nonuniformity  as  measured  by  the  ratio  of  maximum 
to  minimum  flux  density.  Thus  suitable  trade-offs  must  necessarily 
be  made  to  optimally  match  source  and  reflector  designs  in  order 
to  achieve  both  maximum  uniformity  and  mean  value  of  the  flux 
density  distribution  at  the  target. 

The  target  heating  performance  of  the  GFP 

gasoline  heater  was  found  to  be  extremely  poor.  At  a  target  distance 

2 

of  4  feet  a  peak  heat  flux  density  of  186  BTU/hr-ft  was  measured 

at  a  target  radius  of  1  foot  which  dropped  off  to  a  value  of  65 
2 

BTU/hr-ft  at  a  target  radius  of  4  feet  and  a  mean  value  of  135 
2 

BTU/hr-ft  ..  As  the  original  heater  came  with  no  reflector  for 

focusing  of  the  radiation,  the  flux  density  at  a  target  distance  of 

2 

8  feet  dropped  off  to  45  and  35  BTU/hr-ft  at  target  radii  of  1 

2 

and  4  feet  and  a  mean  value  of  40  BTU/hr-ft  .  This  heating 
performance  was  increased  substantially  when  the  GFP  heater  was 
fitted  with  conical  reflectors  designed  to  optimize  the  radiant  heat 
flux  density  at  the  target.  With  the  large  conical  reflector,  having 
a  maximum  diameter  of  24  inches  and  a  length  of  12  inches,  the  flux 
density  at  the  target  was  almost  twice  that  of  the  original  heater. 

The  flux  density  at  a  target  distance  of  8  feet  is  still  quite  low, 
having  a  mean  of  85  BTU/hr-ft  as  compared  with  the  200  BTU/hr-ft 
desired  from  each  heater  unit.  It  is  unlikely  that  further  substantial 
increases  could  be  made  with  improved  reflector  designs.  The 
source  temperature  is  also  limited,  and  cannot  be  increased  with  the 
present  Cercor  flame  holder  design  du_  to  the  danger  of  flash-backs. 

The  FMA  radiant  heater,  with  the  exception  of 
the  much  larger  Hot -Tot  heater,  gave  the  highest  flux  density  at 
the  target  area.  At  a  target  distance  of  4  feet  this  varied  from  560 
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to  50  BTU/hr-ft  over  target  radii  of  1  to  4  feet  with  a  mean  value  ol 

2 

313  BTU/hr-ft  ,  and  at  a  target  distance  of  8  feet  this  similarly 

2 

varied  from  195  to  58  BTU/hr-ft  with  a  mean  value  of  145  BTU/hr-ft 

These  results  show  that  the  heater  performance  is  approaching  the 

2 

desired  value  of  200  BTU/hr-ft  .  The  radial  flux  density  distribution 
as  obtained  from  this  source -reflector  combination  is  highly  con¬ 
centrated  along  the  axis  and  is  seen  to  fall  off  very  rapidly  at  the 
larger  target  radii.  We  feel  that  the  radial  flux  density  distribution 
could  be  made  more  uniform  by  using  a  hyperboloidal  reflector  instead 
of  the  paraboloidal  one.  As  discussed  earlier,  it  is  likely  that  with 
an  improved  source  design,  the  source  temperature  could  be  increased 
to  1600CF  resulting  in  a  50  percent  increase  in  the  Tux  density  at 
the  target.  With  both  these  modifications  incorporated  into  the  FMA 
heater,  a  mean  flux  density  of  200  BTU/hv-ft  at  a  target  distance 
of  8  feet  appears  to  be  achievable. 

The  Pyrocore  propane  heater  had  the  best  per¬ 
formance  of  all  the  commercial  heaters  tested.  At  60  percent  of  the 
fuel  input  of  the  GFP  gasoline  heater,  it  provided  a  flux  density  on 
the  target  which  was  comparable  to  that  of  the  gasoline  heater. 

The  performance  of  the  original  Pyrocore  heater  was  substantially 
improved  with  the  addition  of  the  large  conical  reflector  so  as  to 
increase  the  overall  diameter  of  the  paraboloidal  reflector  and  a 
small  inner  cone  to  control  the  radiation  from  the  front  end  of  the 

cylindrical  source.  Thus,  mean  flux  densities  of  143  and  70  BTU/ 

2 

hr-ft  at  target  distances  of  4  and  8  feet  respectively  were  obtained, 
c.  Heater  Performance  in  a  1 5  MPH  Wind 

The  GFP  gasoline  heater  and  the  Hupp  propane 
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heater  would  not  operate  with  a  15  mph  head  on  wind  due  to  flame  - 
outs.  This  is  a  characteristic  of  all  surface  combustion  burners. 
The  Pyrocore,  though  a  surface  combustion  burner,  has  good  wind 
resistance,  due  possibly  to  its  high  operating  gas  pressure.  U 
remained  operational  at  approximately  30  percent  of  its  original  flux 
density. 


The  FMA  radiant  heater  has  extremely  good 
ind  resistance.  There  was  no  danger  of  a  flame  out  with  this 
heater  design.  The  heater  was  extremely  easy  to  light.  The  flux 
density  obtained  from  this  heater  when  operating  in  a  15  mph  head  wind 
was  about  70  percent  of  its  value  in  a  stationary  ambient. 

To  summarize,  the  test  program  has  shown  that 
the  Foster -Miller  Radiant  heater  has  by  far  the  best  performance  of 
all  the  heaters  tested.  It  has  extremely  good  wind  resistance. 

It  offers  the  potential  for  the  development  of  a  compact,  rugged 
radiant  heater  to  meet  the  needs  of  personnel  working  in  an  Arctic 
environment. 

E.  5  Parametric  Design  Analysis  of  a  Radiant  Heater 

A  parametric  design  analysis  of  a  generalized  fuel 
fired  radiant  heater  was  conducted  to  determine  the  interrelationships 
between  fuel  flow,  combustor  design,  convective  heat  transfer  from 
the  hot  gases  to  the  emitter  and  finally  radiation  from  the  emitter  to 
the  environment.  The  design  of  the  Foster -Miller  hemispherical 
source  was  based  on  this  analysis. 
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2.  6  Materials  for  Emitter  Construction 


Inconel  and  a  ceramic -glass,  such  as  Cercor,  are  the 
two  most  commonly  used  materials  for  emitter  construction.  The 
emissivities  of  both  these  materials  at  the  operating  temperatures  of 
the  heaters  (1400  to  1600°F)  are  practically  the  same  and  reasonably 
high,  0.  65  to  0.  78.  Thus  there  is  very  little  to  be  gained  in 
increased  performance  from  a  high  emit^.nce  material  or  coating. 

2.  7  Special  Design  Requirements  for  a  Liquid -Fuel  Fired 
Radiant  Heater 

Design  features  specific  to  the  development  of  a 
liquid  fuel  fired  radiant  heater  were  analyzed.  These  included 
design  modifications  to  the  burner  for  operation  on  liquid  fuel  and 
special  control  features  for  safety. 

2.  8  Conclusions 


The  major  conclusion  from  the  studies  reported  in 
the  preceding  sections  is  that  there  is  no  commercially  a  -ailable 
heater  capable  of  operating  in  the  specified  Arctic  en/ironment  of 
-50  °F  and  20  mph  winds  and  supplying  the  necessary  heating  rate 
to  keep  personnel  and  equipment  warm.  The  GFP  gasoline  heater 
is  totally  unsuitable  for  this  application. 

With  a  limited  amount  of  design  effort,  a  novel  radiant 
heater  design  has  been  developed,  called  the  FMA  radiant  heater, 
which  has  the  best  performarce  of  all  the  heaters  tested.  The 
radiant  flux  density  at  the  target  from  this  heater  configuration 
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was  found  to  approach  the  minimum  considered  necessary  for  personnel  and 
equipment  heating.  This  design  offers  the  potential  of  being  developed 
into  a  portable,  rugged,  compact,  high  intensity,  high  efficiency 
radiant  heater  for  Arctic  operations. 

The  specific  major  conclusions  derived  from  this  study 
are  presented  as  follows: 

(1)  Calculations  indicate  that  a  flux  density  from  a 

2 

heater  on  the  order  of  200  Btu/hr-ft  to  the  clothed  maintenance  per¬ 
sonnel  will  be  required  to  prevent  a  drop  in  body  temperature  when  work¬ 
ing  at  -50°F  even  when  exposure  to  wind  is  prevented  by  use  of  suitable 
windbreaks.  Estimates  indicated  that  even  higher  flux  densities  will  be 
required  on  the  hands  and  tools  to  maintain  hand  temperature  at  55°F  or 
greater. 

(2)  This  heat  input  can  best  be  achieved  by  use  of 
several  radiant  heaters.  For  example,  two  large  units  might  be  used  as 

large  area  heaters  to  cover  the  maintenance  personnel  and  help  maintain 

2 

body  temperature.  Each  should  provide  about  200  Btu/hr-ft  at  the 
target  area  from  about  8  feet  away  and  should  be  suitably  placed  to 
equalize  coverage  of  the  target.  Additional  smaller  heaters  might 
operate  from  2-4  feet  distance  from  the  target  to  help  maintain  higher 
flux  levels  in  the  immediate  working  area  of  the  hands. 

(3)  The  theoretical  radiant  heat  transfer  analysis 
developed  during  this  program  is  capable  of  predicting  the  radiant 
flux  density  distribution  at  the  target  from  various  heater  configura¬ 
tions,  consisting  of  area,  cylindrical  and  hemispl 'rical  sources 
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and  conical,  paraboloidal,  and  hypeiboloidal  reflectors.  The 
correlation  between  theoretical  predictions  and  experimental  measure¬ 
ments  of  flux  density  distribution  at  the  target  is  extremely  good. 

(4)  A  hemispherical  source  with  a  paraboloidal  or 
hyperboloidal  reflector  i  s  considered  to  be  the  most  effective  con¬ 
figuration  for  meeting  the  design  requirements.  It  is  capable  of 
providing  a  50  percent  higher  flux  density  at  the  target  surface  than 
possible  with  an  optimum  disc  source,  conical  reflector  configuration 
of  the  same  source  area,  source  temperature  and  overall  reflector 
size.  A  cylindrical  source  with  a  paraboloidal  reflector  is  inter¬ 
mediate  in  performance  between  the  above  two  configurations. 

(5)  The  design  charts  developed  can  be  used  for 
the  preliminary  design  of  a  heater  configuration  to  provide  any 
specified  flux  density  requirement  at  the  target.  Though  the  charts 
have  been  developed  for  a  source  temperature  of  1 500  °  F,  designs 
for  other  source  temperatures  can  easily  be  obtained  by  suitable 
scaling  of  the  radiated  emissive  power  (i,  e.  scaling  by  the  fourth 
power  of  the  absolute  temperature). 

(6)  A  source  temperature  in  the  range  of  1400  °F 
to  1800°F  is  considered  desirable  to  optimize  the  radiant  energy 
absorption  at  the  target. 

(7)  The  GFP  gasoline  heater  is  considered  unsuit¬ 
able  for  operation  in  the  specified  Arctic  environment.  It  is  ex¬ 
tremely  difficult  to  light  and  will  not  opeiate  with  a  head  wind 
blowing  on  it.  In  a  stationary  ambient  it  operates  at  a  mean  black 
body  emitter  temperature  of  1200  °F.  Its  source  temperature  could 
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not  be  increased  due  to  the  danger  of  a  flash  back.  The  heating  per¬ 
formance  of  the  original  gasoline  heater  was  extremely  poor  with 
a  mean  flux  density  of  40  BTU/hr -ft  at  a  target  distance  of  8  feet. 
This  can  be  improved  by  the  use  of  a  conicai  reflectoi  having  a 

maximum  diameter  of  24  inches  and  a  length  of  12  inches,  to  8  5 

2  2 
BTU/hr-ft  ,  This  is  still  substantially  less  than  200  BTU/hr-ft 

required.  Substantial  increases  above  this  value  with  improved  re¬ 
flector  designs  do  not  appear  to  be  possible. 

(8)  The  Foster -Miller  radiant  heater  consisting  of 

a  high  intensity  Wingaersheek  Turbo  Torch  burner,  a  hemispherical 

shaped  heat -exchanger  and  emitter,  and  a  paraboloidal  reflector 

showed  the  best  performance  of  all  the  heaters  tested.  It  is  easy 

to  light  and  operates  extremely  well  in  a  windy  environment.  The 

heater -source  configuration  design  is  one  where  a  high  mean  source 

temperature  can  be  achieved  with  a  relatively  high  fuel  efficiency. 

The  heater  operated  at  a  mean  black  body  temperature  of  the  emitter 

of  1400  “F  and  a  fuel  efficiency  of  74.5  percent.  The  mean  flux 

2 

density  at  a  target  distance  of  8  feet  was  145  BTU/hr-ft  which  is  72 

2 

percent  of  the  200  BTU/hr-ft  required. 

(9)  The  Foster -Miller  radiant  heater  continued  to 

operate  in  a  1 5  mph  head-on  wind  with  a  mean  flux  density  at  8  feet 

2 

estimated  to  be  100  BTU/hr-ft  .  This  represents  a  30  percent 
reduction  in  its  radiant  power  output.  This  performance  was  found 
to  be  superior  to  any  of  the  other  heaters  tested  and  is  attributable 
to  the  special  design  features  of  the  hemispherical  source. 

(10)  The  source  configuration  and  the  reflector  design 
of  the  Foster -Miller  heater  have  not  been  optimized.  Improved  heat 


21 


exchanger  design  of  the  source  could  result  in  an  increase  in  the 

mean  temperature  to  1600°F  resulting  in  a  50  percent  increase  in 

2 

the  radiant  flux  radiated.  Thus,  a  value  of  210  BTU/hr-ft  for 
the  mean  flux  density  at  an  8  feet  target  distance  could  be  obtained. 
An  improved  reflector,  such  as  a  hyperboloidal  design,  could  result 
in  a  more  uniform  flux  distribution  at  the  target  and  possibly  a 
higher  flux  density. 

(11)  The  burner  design  used  with  the  Foster -Miller 
heater  can  be  modified  to  liquid  fuel  design  with  the  addition  of  a 
prevaporization  section.  It  is  inherently  safe.  The  chance  of  a 
flash-back  upstream  of  the  flame  holder  leading  to  an  explosion  is 
negligible. 


(12)  The  most  commonly  used  materials  for  emitter 
construction  are  inconel  and  a  ceramic,  such  as,  Cercor.  Their 
emissivities  at  the  high  temperatures  of  1400  to  1600°F  are  com¬ 
parable.  Cercor,  being  fragile  and  brittle  is  likely  to  be  damaged 
by  mechanical  shock  due  to  rough  handling.  It  is  therefore,  not 
recommended  for  this  application.  Inconel  is  the  better  choice. 

The  FMA  radiant  heater  design  lends  itself  to  fabrication  with 
inconel. 


(13)  Radiant  System's  Pyrocore  heater  was  the 

best  of  all  the  commercially  available  heaters  tested.  It  has  a 

cylindrical  source  of  inconel  in  a  paraboloidal  reflector.  The  mean 

2 

flux  density  at  a  target  distance  of  8  feet  was  45  BTU/hr-ft  at  a 
source  temperature  of  1540  °F  and  a  fuel  input  which  is  60  percent 
of  the  input  value  to  the  GFP  and  FMA  heaters.  The  mean  flux 
density  at  the  target  was  increased  to  70  BTU/hr-ft  with  the 
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addition  of  the  24  inch  (large)  conical  reflector  used  for  the  GFP 
heater  and  an  inner  conical  reflector.  The  heater  was  easy  to  light 
and  has  good  wind  resistance. 

2.  9  Recommendations 


The  preliminary  prototype  model  of  the  Foster  - 
Miller  radiant  heater  has  clearly  demonstrated  its  superiority  over  all 
other  commercially  available  designs  for  the  specified  application 
of  heating  personnel  and  equipment  in  an  Arctic  environment.  It  is 
therefore  recommended  that  a  development  program  be  undertaken 
to  optimize  the  design  and  to  modify  it  for  liquid  fuel  operation. 

Such  a  development  program  would  have  as  its  specific  objectives; 


(a)  Optimization  of  the  burner  and  heat  exchanger 
to  increase  the  mean  source  temperature  to  J 600 ' F  from  the  pre¬ 
sently  achieved  MOOT.  Th,s  would  result  in  an  increase  the 
radiant  intensity  of  the  source  by  50  percent  and  result  m  a  mean 
radiant  flu*  density  of  210  BTU/hr-ft2  at  a  target  distance  of  8  feet. 


(b.)  Optimization  of  the  reflector  design  to  achieve 
a  more  uniform  radial  distribution  over  the  target  area,  such  as. 
with  a  hyperboloidal  reflector. 


(c)  Detailed  design  of  the  heat  exchanger  con¬ 
figuration.  including  selection  of  material  of  construction,  mode  of 
construction  and  fabrication  to  minimize  weight  and  cost. 

(d)  Modification  of  the  burner  design  for  liquid -fuel 
operation  by  incorporating  a  prevaporization  section  for  the  liquid 
fuel. 
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(e)  Optimization  of  the  configuration  design  for 
portability,  reliability  of  operation,  resistance  to  shock  and  rough 
handling  and  finally  good  wind  resistance. 

(f)  Design  for  safety  and  controls  to  of.  irmze 
operation  in  the  specified  Arctic  environment. 


3. 


Heating  Rate  Requirements 


The  purpose  of  this  program  is  to  develop  design  recommendations 
for  a  radiant  heater  to  provide  the  necessary  heat  input  which  will 
enable  personnel  to  work  with  reasonable  comfort  in  the  specified 
environment.  The  specific  heat  rate  required  to  achieve  this  com¬ 
fort  is  extremely  difficult  to  theoretically  estimate,  especially  with 
radiant  heat  wh'ch  is  highly  directional.  It  is  tacitly 
assumed  that  the  worker  is  protected  thermally  with 
Arctic  clothing  and  the  primary  function  of  the  radiant  heater  is  to 
heat  the  exposed  surfaces  of  his  hands  and  his  working  tools 
such  that  normal  manual  dexterity  can  be  maintained. 

Experiments  conducted  by  Gaydos,  Adams  and  others  have 

demonstrated  that  as  the  finger  skin  temperature  falls  below  SO  to 

55r.?,  hand  tactile  function  and  mobility  are  most  seriously  impaired. 

Stinchfield  and  Rohr  confirmed  that  this  temperature  limit  agreed 

well  with  observations  made  at  the  U.  S.  Army  Natick  Laboratories 

3 

of  men  working  in  a  cold  environment.  It  has  also  been  shown  that 

2 

with  adequate  heating  of  the  body  hand  temperatures  can  be  maintained. 

In  fact,  face  warming  is  capable  of  inci  easing  blood  flow  to  the  hands. 
Thus  both  general  heating  of  the  body,  as  well  as  local  heating  of  the 
exposed  hand  surfaces,  is  likely  to  aid  in  increased  manual  dexterity. 

Since  no  data  could  be  found  for  the  direct  heating  rate  for 
the  hands,  heat  density  requirements  for  maintaining  personnel  com¬ 
fort  and  a  temperature  of  50  J  F  for  the  metal  tools  were  estimated. 

T hese  data  are  used  as  a  oasis  for  r  a  d  i  c  ^  heater  design  require m t  nts 

*  Raised  numbers  refer  to  literature  cited. 
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3. 1  Radiant  Flux  Inputs  Required  for  Personnel 
Comfort 


The  theoretical  radiant  heating  requirements  for  persmnel 
comfort  can  best  be  estimated  from  a  consideration  of  an  overall  body  heat 
balance  and  the.  heat  loss  relationships  from  the  skin  to  the  ambient  sur¬ 
roundings. 


A  schematic  diagram  for  body  heat  balance  in  a  clothed  human 
body  is  shown  in  Figure  la  and  the  heat  loss  relationships  are  diagrammed 
in  Figure  ib.  These  heat  terms  and  relationships  are  discussed  and  used 
in  the  following  sections: 

(a)  Heat  Produced  by  Metabolism.  M 

The  production  of  heat  due  to  internal  metabolism  of 
the  body  is  very  strongly  dependent  on  its  v:ate  of  activity.  Values  for 

M  reported  in  the  literature  fall  in  the  range  of  0.7  Met  to  17.2  Met  (where 

2  4  5 

1  Met  =  18.5  Btu/hr-ft  ),  depending  upon  the  level  of  activity.  ’  As  a 

conservative  approximation  for  design,  a  metabolism  level  of  1  Met  is  assumed^ 

which  essentially  corresponds  to  a  condition  of  rest. 

(b)  Heat  Content  of  the  Body.  D 

For  personal  comfort  the  net  loss  of  heat  content  of 
the  body  has  to  be  zero.  Therefore  the  value  of  D  -  0  will  be  used  in  our 
calculations. 


(c)  Evaporation  Heat  Loss,  Qp 

Loss  of  heat  due  to  breathing  and  perspiration  evapora¬ 
tion  are  two  factors  which  contribute  to  the  total  evaporation  heat  loss  from 
the  body.  The  parameters  which  affect  evaporation  heat  loss  are  the  ambient 
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Qr  (radiation  heat 


Q  (evaporative  heat  loss) 


(radiative  heat  input) 


_M  +  D  represents  net  heat 
generation  of  body 


Clothing  outer  surface 
Skin  surface 


Core  of  body 


Qc  Tconvective  heat  loss) 


Qcd  (conductive  heat  loss) 
(a)  Heat  Balance  with  Surroundings 


Temperature 


Heat  Flow 


Insulation 


(b)  Heat  Loss  Relationship 


Figure  1  Heat  Relationships  for  a  Clothed  Human  Body 
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temperature,  relative  humidity,  clothing,  and  level  of  activity. 

Empirical  relationships  for  the  evaporation  heat  loss 
in  terms  of  these  various  parameters  are  discussed  in  detail  in  References 
4,  5,  6  and  7.  For  design,  a  good  estimate  of  evaporation  heat  less  is  25 
percent  of  the  metabolic  heat  production. 

(d)  Convection.  Radiation  and  Conduction 

Heat  T.oss,  (Qr  +  Qr  ^  Qcd) 

Heat  losses  from  the  outer  surface  of  the  clothing 
are  completely  accounted  for  by  conduction,  radiation,  and  convection  and 
the  heat  losses  are  known  to  be  proportional  to  the  temperature  gradient 
between  the  clothing  surface  and  the  ambient,  -  T^,  and  inversely  pro¬ 
portional  to  a  quantity  representing  the  insulating  value  of  the  air,  1^. 
Because  air  movement  due  to  thermal  gradients  or  wind  is  always  present, 
convection  and  radiation  are  the  primary  heat  transfer  mechanisms.  With 
variation  in  ambient  temperature  the  relative  proportion  of  heat  loss  by 
radiation  and  convection  changes.  While  in  colder  environments  the  loss  by 
radiation  decreases,  the  loss  by  convection,  for  the  same  velocity  of  air 
movement,  increases  because  of  the  increase  in  air  density  and  decrease  in 
air  viscosity  with  decreasing  temperature  which  contribuce  to  an  overall 
increase  in  the  convective  heat  transfer  coefficient.  The  increase  in  con¬ 
vective  loss  tends  to  compensate,  very  nearly,  the  decrease  in  radiative 
loss,  and  this  is  so  over  practically  the  whole  range  of  values  of  air 
movement.  Thus  the  insulation  value  of  air,  I  ,  is  essentially  independent 
of  the  ambient  temperature.  The  quantity  I  is,  however,  strongly  dependent 
on  the  wind  velocity  and  varies  from  about  1  clo  unit  in  still  ambient  air 
to  0.15  clo  unit  in  a  20-mph  wind.  One  clo  unit  is  equivalent  to 
0.88°F/Btu-hr-ft^.  The  thermal  insulation  value  of  clothing,  I  is  about 
4  clo/inch  of  clothing  thickness  and  for  cold  weather  situations  normally 
ranges  from  2-5.6  clo,  depending  on  the  clothing  selected. 
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(e)  Calculation  of  Radiant  Heat  Input  to  a  Fully 
Clothed  Body 

It  may  be  seen  from  Figure  lb  that  under  steady  state 

conditions  the  two  relationships  for  heat  ransfer  from  the  skin  to  the 

outer  surface  of  the  clothing  and  from  this  clothing  surface  to  the  ambient 

surroundings  must  be  satisfied  by  the  same  values  of  H  and  T  . .  These 

cl 

relationships  are: 


H  =  M  +  D  -  Q 


T  -  T  , 
s _ cl 

Xcl 


(1) 


H+Qi  =  Qc+Qr+^cd 


T  -  T 
cl  a 


(2) 


If  these  equations  are  added  and  rearranged  we  obtain: 


H  +  Q 


i  I  .  +  I 
cl  a 


T  -  T 
s  a 

1  .  +  ! 
cl  a 


(3) 


It  may  be  noted  from  this  equation  that  the  effectiveness  of  the  radiant  flux, 
Q^,  in  reducing  the  heat  flow,  H,  from  the  body  and  across  the  clothing  is 
dependent  on  the  ratio  of  the  insulation  outside  the  point  of  absorption  of 
the  radiant  flux,  I  ,  to  the  total  insulation,  I  +  I  Thus  one  can  see 
that  the  radiant  flux  would  be  most  effective  if  the  clothing  was  trans¬ 
parent  to  the  radiant  flux  and  it  was  absorbed  at  the  skin  surface. 


Alternatively,  equation  (3)  may  be  rearranged  in  the 


form: 


II  = 


-  ,T  +  Q.I  v 
_ Lli _  la) 

I  +  1 
cl  a 


(3a) 


This  arrangement  shows  that  the  effect  of  the  radiant  energy  can  be  considered 
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as  a  moderation  of  the  ambient  temperature  in  which  che  effective  radiation 
increment  is  the  product  of  the  radiant  flux  and  the  thermal  insulation  out 
side  the  point  of  radiant  iux  absorption. 

The  radiant  flux  input  required  to  maintain  body  tem¬ 
perature  with  a  1-Met  metabolism  level,  corresponding  to  a  rest  situation, 
may  be  calculated  from  equation  (3)  for  the  following  assumed  conditions: 

D  =  0 

T  =  90° F 

s 

T  =  -50°F 

a 

i  ,  =  4  clo 

cl 

I  =0.75  clo  assuming  use  of  windbreak 

3 

Q  =  0.25M 

e 

2 

A  value  of  =  124  Btu/hr-ft  is  obtained.  Recognize  that,  as  calculated, 
this  represents  a  quantity  absorbed  uniformly  over  all  surfaces  of  the 
clothed  body.  Note  also  that  for  khaki  clothing  only  about  607  of  the 
radiant  flux  will  be  absorbed  and  that  energy  from  a  single  radiant  source 
will  be  incident  on  only  about  l/3  of  the  body  surface;  thus  it  becomes 
evident  that  much  higher  flux  levels  should  be  necessary  in  a  field  situa¬ 
tion  utilizing  radiant  heaters  to  maintain  body  temperature. 

If  this  calculation  was  made  assuming  a  20-mph  wind 

corresponding  to  I  =  0.15  clo,  then  the  quantity  Q  required  is  on  the 
a  2 

order  of  600  Btu/hr-ft  .  The  need  for  use  of  a  windbreak  is  evident. 


( f)  Calculation  of  Radiant  Heat  Input  to 
Bare  Hands 

Recalling  that  hand  skin  temperatures  must  be  50°F 


or  greater  to  maintain  manual  dexterity  one  can  calculate  the  rate  of  heat 
loss  from  bare  hands  and  thus  the  maximum  radiant  energy  input  required  at 
the  skin  surface,  assuming  no  input  from  the  body.  For  the  relationship 


T  -  T 


H  +  Q. 


(4) 


assume 


H  =  0 

T  =  50°F 

s 

T  =  -50°F 

a 

I  =  0.75  clo  for  a  windbreak  resulting  in  very 

little  air  movement 

Then  the  requirement  is  150  Btu/ft  /hr.  Recognize  that  this  is  a  maximum 
requirement  assuming  no  input  from  the  body  and  that  it  represents  a  value 
for  the  flux  absorbed  uniformly  over  the  hand  surfaces.  Since  the  flux 
from  a  single  radiant  source  would  only  be  partially  absorbed  and  would 
reach  only  about  l/ 3  the  area  of  the  hand,  it  is  evident  that  the  flux  level 
requirement  could  be  much  higher  to  compensate  for  heat  loss  by  convection 
and  radiation  from  bare  hands. 


If  we  assume  that  no  windbreak  is  used  and  that  the 
hands  are  exposed  to  a  20-mph  wind  corresponding  to  a  thermal  insulation 
value  of  air,  1^,  equal  to  0.15  clo,  then  the  requirement  calculated  is 
750  Btu/ft^/hr. 


Even  higher  rates  of  heat  loss  could  occur  if  hand 
contact  was  made  with  coin  tools  or  other  high  thermal  conductivity  material. 
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3*  2  —  foant — ^-lux  Inputs  Required  <-q  Warm  Metal  Tools 


A  irking  temperature  of  the  tools  in  the  range  of 
50  to  55  °F  is  desirable.  The  radiant  heat  input  to  achieve  this 
condition  is  calculated  by  equating  the  heat  input  to  the  heat  loss 

to  the  ambient.  The  total  heat  loss  Q^,  BTU/hr  can  be  expressed 
by 


Qr  =  Q_  +  Q 

ij  r  c 

where 

Qr  =  radiation  heat  loss,  BTU/hr 
Qc  =  convection  heat  loss,  BTU/hr 


(5) 


In  general,  the  predominant  heat  loss  is  due  to  convection;  radiation 
cooling  is  relatively  small  and  has  b-en  neglected.  Therefore,  the 
required  heat  input,  can  be  approximated  by 


where 

h 

c 

A 

s 

T 

s 


Qi  = 


h  A  (T 
c  s  s 


-  T  ) 
a' 


convection  heat  transfer  coefficient 
surface  area 

surface  temperature  of  tool 


(o) 


T 

a 


ambient  temperature 
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Though  the  radiant  heat  input  is  directional  and  would 
heat  only  the  tool  surface  directly  exposed  to  the  radiation,  the 
thermal  conductivity  is  sufficiently  high  so  that  the  tool  is  assumed 
to  be  at  a  uniform  temperature.  Then  Ag  represents  the  total 
surface  area  of  the  tool. 

The  convection  heat  transfer  coefficient  is  determined 
from  the  following  correlations, 


h  L 

c 

k 


0.  664  P  ^  R  O'  ^  for  laminar  flow 
r  e 


h  L 

c 

k 


0.  037  P  ^  R  O'  ^  for  turbulent  flow 
r  e 


(7a) 


(7b) 


where 

L 

k 

P 

r 

R 

e 

c 

P 

P 

P 


length  of  the  plate 

thermal  conductivity  of  air 

c  p 

Prandtl  number  =  —E— — 

k 

Reynolds  number  =  p  V  L 

P 

specific  heat  capacity  of  air 
density  of  air 
viscosity  of  air 
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For  air  at  0°F  and  14.7  psia,  with  a  wind  of  20  mph  blowing  pact  a  metal  tool 
approximately  1  foot  in  length,  the  heat  transfer  coefficient  is  estimated  to 

be  4  Btu/hr-ft  -°F.  For  a  design  tool  temperature  of  50°F  and  an  ambient  of 

o  2 

-50  F,  a  radiant  flux  input  of  400  Btu/hr-ft  is  calculated. 

3. 3  Radiant  Flux  Inputs  Required  to  Warm  Equipment  Under  Repair 

Similar  estimates  of  the  radiant  heating  rate  required  to  warm 
disabled  equipment  are  difficult  to  obtain  because  of  the  variety  of  sizes, 
shapes  and  materials  of  construction  possible.  The  heating  rate  required  to 
warm  an  automobile  tire  may  vary  significantly  from  that  required  to  heat 
the  carburetor  of  an  engine  due  to  their  significantly  different  thermal  dif- 
fusivity  and  thermal  capacity.  These  parameters  affect  the  time  required 
to  achieve  a  thermal  steady  state. 

It  is  likely  that  the  convective  heat  transfer  coefficient 

for  most  equipment  would  be  of  the  same  magnitude  as  that  calculated  for 

tools  (in  the  form  of  a  flat  plate)  as  given  by  Equation  (6)  and  hence  400 
2 

Btu/hr-ft  would  be  sufficient  to  keep  the  equipment  warm  in  the  steady  state. 
However,  the  time  required  to  achieve  this  steady  state  will  often  be  too 
large  to  be  considered  acceptable,  and  consequently  a  much  higher  heating 
rate  may  be  required.  Furthermore,  radiant  heat,  being  directional  will 
only  reach  a  fraction,  about  one-third,  of  the  surface  of  a  three-dimensional 
body  exposed  to  it. 

The  selection  of  an  actual  design  heating  rate  for  equipment 

would  have  to  be  based  on  a  detailed  analysis  of  the  initial  time  available 

for  warm-up  and  the  transient  thermal  behavior  of  the  equipment  being  heated. 

In  the  absence  of  such  an  analysis  the  steady  state  heating  rate  of  400  Ltu / 

2 

hr- ft  is  recommended  as  a  minimum  flux  level  over  the  total  surface  of  the 
equipment.  Higher  heating  rates,  achievable  by  irradiating  the  same  surface 
with  more  than  one  heater  unit  or  with  the  heater  placed  close  (less  than  4 
feet)  to  the  target  would  be  required  to  reduce  the  initial  warm-up  period. 

3 . 4  Design  Recommendation  for  Heating  Rate  Requirement 

The  basic  problem,  if  personnel  are  to  efficiently  perform 
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routine  maintenance  and  emergency  repair  of  equipment  under  extreme  cold  con¬ 
ditions,  appears  to  be  to  maintain  their  hand  skin  temperature  above  55°F 
without  inhibiting  their  performance  by  the  presence  of  bulky  hand  protection/ 
insulation.  It  is  obvious  that  the  nature  of  the  specific  job  to  be  done, 
together  with  the  weather  situation  at  the  time,  will  determine  the  magnitude 
of  the  problem.  Present  knowledge  is  too  incomplete  to  define  the  optimum 
approach  but  the  calculations  of  the  previous  sections  can  offer  some  guidance. 

Since  circulatory  input  to  the  body  extremities  is  reduced  as 
body  temperature  is  reduced,  it  appears  desirable  to  supply  area  heating  to 
help  maintain  body  temperature.  The  calculations  of  Section  3.1  stress  the 
need  for  minimizing  exposure  to  wind  in  order  to  keep  the  required  flux  level 

within  reason  and  indicate  that  from  an  area  heater  flux  levels  on  the  order 

2 

of  200  Btu/hr-ft  at  the  target  are  required. 

The  problem  of  heating  equipment  under  repair  to  50°F  is  con¬ 
sidered  in  Section  3.3.  The  discussions  indicate  that  for  many  jobs  it  will 
be  completely  impractical  to  attempt  to  heat  the  equipment  to  50°F  to  prevent 
loss  of  heat  from  the  hands.  Rather,  the  approach  to  the  problem  must  be  one 
of  minimizing  heat  loss  from  the  hands  by  minimizing  direct  contact  with  the 
equipment  and  of  -apidly  replacing  heat  which  is  lost.  The  use  of  tools  made 
of  low  conductivity  material  and  with  insulated  handles,  of  suitable  insulated 
clamps  to  minimize  hv ud  contact  with  massive  equipment  parts,  of  lightweight 
gloves  to  reduce  the  rate  of  heat  loss  to  cold  metal  and  tools,  and  of  radiant 
heat  at  the  working  site  to  rapidly  rewarm  the  hands  is  called  for  in  this 
situation.  The  calculations  of  Sections  3.1  and  3.2  indicate  that  the  flux 

level  from  a  heater  directly  on  the  hands  and  tools  should  probably  be  Lt  a 
.  2 

minimum  of  400  Btu/hr-ft  and  much  higher  levels  may  be  required. 

Because  of  the  directional  nature  of  the  output  from  radiant 
heaters  it  will  often  be  necessary  to  use  arrangements  of  several  heaters, 
for  example,  two  area  heaters  set  back  about  8  feet  from  the  job  and  provid¬ 
ing  heat  from  different  angles  together  with  one  smaller  heater  set  2  to  4 
feet  from  the  working  site  and  heating  a  smaller  target  area  where  the  hand¬ 
work  is  concentrated. 


35 


.  hwviwjWPWW 


Analysis  of  Radiant  Energy  Transfer  from  Various  Source  - 
Reflector  Combinations 


4.  1  Analytical  Objectives  and  Method 

Personnel  heating,  with  the  gasoline  fueled  radiant  heater 
developed  for  the  U.  S.  Army,  under  a  previous  contract,  was  adequate 
up  to  distances  of  4  feet  from  the  heater  but  totally  inadequate  at 
distances  of  8  to  10  feet  from  the  heater.  Better  control  or  focusing 
of  the  radiant  energy  was  considered  necessary.  Consequently,  one 
of  the  principal  objectives  of  this  program  is  to  analyze  the  radiant 
heating  performance  of  various  source  configurations;  such  as  area, 
line  and  point  sources,  with  ar.d  without  reflectors  designed  to  direct 
the  radiation  on  the  target  area  specified.  Adequate  heating  is  con¬ 
sidered  necessary  over  a  target  area  8  ft  in  diameter,  located  4  to 
.10  ft  from  the  heater.  A  theoretical  analysis  was  conducted  to  predict 
such  performance. 

The  specific  objectives  of  this  analysis  are: 

1.  To  analyze  the  radiant  heat  transfer  to  the  target 
from  various  sources,  such  as,  discs,  cylinders, 
spheres. 

2.  To  design  various  reflector  configurations  for 
these  sources  and  to  analyze  the  radiant  heat 
transfer  to  the  target  with  these  source -reflector 
combinations. 


To  calculate  the  spatial  distribution  of  radiant  flux 
density  on  the  8  ft  diameter  target  located  4  to 
10  ft  from  the  heater. 
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4.  To  develop  optimum  reflector  configurations  for 
the  Government  furnished  gasoline  heater. 

5.  To  develop  design  curves  for  the  preliminary 
design  of  source  and  reflector  combinations  to 
meet  a  specified  flux  density  at  the  target. 

6.  To  develop  and  recommend  an  optimum  source- 
reflector  combination  for  personnel  heating. 

The  theoretical  analysis  conducted  to  satisfy  these 
objectives  is  presented  in  Appendices  A  and  B.  Analytical  predictions 
were  supported  by  experimental  data  obtained  during  the  test  program 
which  was  used  to  establish  the  value  of  certain  constants  or  the 
validity  of  certain  approximations.  This  semi -empirical  approach 
has  resulted  in  a  model  which  satisfactorily  predicts  the 

performance  of  the  different  source -reflector  configurations.  Based 
on  these  results,  charts  for  the  preliminary  design  of  heater  con¬ 
figurations  have  been  developed  and  an  optimum  configuration  of  a 
hemispherical  source  with  a  paraboloidal  or  hyperboloidal  reflector 
has  been  selected. 

The  analyses  was  conducted  in  two  parts: 

(1)  The  axial  distribution  of  the  radiant  heat  flux 
density  at  the  center  of  the  target  and  target 
locations  from  4  to  10  ft  from  the  heater 
was  analyzed,  as  described  in  Appendix  A. 

These  results  were  utilized  to  approximately 
predict  the  performance  of  the  various  heater 
configurations  in  heating  the  target  area. 


37 


I 


(2)  The  radial  distribution  of  flux  density  over  the 

target  area  was  approximated,  using  the  analysis 
of  Appendix  A  and  the  test  results  reported  in 
Section  6.  A  discussion  of  this  analysis  is 
presented  in  Appendix  B. 

The  major  results  obtained  from  these  analyses  are 
presented  in  the  following  sections. 


4.  2  Radiant  Heat  Transfer  Performance  of  Various  Source 


Reflector  Geometries 


The  radiant  heat  transfer  performance  of  the  various 
source -reflector  configurations  is  expressed  in  the  following  terms: 

(a)  Heat  Transfer  efficiency,  rjrp  defined  as 

Total  heat  flux  received  by  the  target 
^T  Total  heat  flux  emitted  by  the  source 


A  Flux  Density  ratio,  R^^,  defined  as 

Heat  flux  received  per  unit  area  of  target 
Heat  flux  emitted  per  unit  area  of  source 


(c)  irp  =  Radiant  flux  density  at  the  target 

generated  by  a  source  of  unit  area, 
BTU/hr-ft4 


Figures  2  through  7  show  schematic  diagrams  of  the 
different  source  and  reflector  geometries  analyzed  in  Appendix  A. 
Performance  values  were  calculated  for  each  of  these  geometries 
based  on  the  following  assumptions: 
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Figure  4  Circular  Cylinder  with  Parahol^  Reflector 


Focal  Point 


(1)  The  source  temperature  is  constant  and  uniform 

over  the  total  source  area  as  well  as  for  all 

different  source  types.  An  assumed  temperature 

of  15C0°F  and  an  emissivity  of  1  results  in  an 

2 

emissive  power  of  25,000  BTU/hr-ft  . 

(2)  The  target  is  6  ft  in  diameter  and  10  ft  away 
from  the  source.  It  has  an  absorptivity  of  1. 

(3)  The  radiant  flux  densities  calculated  represent 
a  mean  over  the  target  area. 

The  calculated  performance  is  summarized  in  Table  II.  The  ideal 
configuration  is  one  where  all  the  radiant  energy  output  of  the  source 
is  received  by  the  target  area.  It  represents  a  maximum  in  possible 
performance. 


The  results  of  this  simplified  analysis  are  useful  in 
obtaining  a  comparison  of  the  relative  heating  performance  of  the 
various  source  geometries  and  reflector  configurations.  The  principal 
conclusions  from  this  analysis  are: 

1.  The  heat  transfer  efficiency,  rjj,  is  a  strong 

function  of  source  geometry  and  reflector 
design.  In  general  a  higher  efficiency  is 
obtained  with  a  smaller  size  source  and  the 
largest  possible  reflector.  For  example  the 
efficiency  obtainable  with  the  small  diameter 
spherical  source  is  greater  than  50  percent 
as  compared  with  only  20  percent  with  the 
lar.'ge  diameter  disc  source. 
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RADIANT  ENERGY  TRANSFER  PERFORMANCE  OF  VARIOUS 


Hyperboloid,  — - —  3  7  72  0.08  646 


2. 


The  major  factor  in  reflector  design  which 
affects  overall  performance  is  the  degree  of 
directional  control.  One  direction  control, 
such  as  with  a  parabolic  reflector  and  e  line 
source,  is  less  efficient,  than  two  direction 
control  as  obtained  with  a  paraboloidal 
reflector  and  a  spherical  source. 

3.  A  spherical  source  with  a  paraboloid  reflector 

is  estimated  to  yield  the  best  performance 
amongst  the  various  geometries  considered.  A 
heat  transfer  efficiency  approaching  80  percent 
has  been  calculated.  This  value  could  possibly 
be  increased  further  by  controlling  the  emission 
from  the  front  surface  of  the  source  with  a 
suitable  reflector. 

4.  3  Spatial  Distribution  of  Flux  Density  at  the  Target 

The  flux  density  distribution  at  the  target  from  a  source 
without  a  reflector  can  be  calculated  from  Figures  A -2  and  A -3  of 
Appendix  A,  which  show  the  spatial  distribution  of  view  factor  for 
disc  and  rectangular  sources.  The  GFP  gasoline  heater  is  essentially 
equivalent  to  a  1  ft  diameter  disc  source  with  no  reflector.  The 
heater  has  a  preheater  which  shades  about  30  percent  of  the  source 
area.  Theoretically  predicted  values  of  the  flux  density  distribution 
for  this  configuration  at  target  distances  of  4  and  8  ft  are  shown  in 
Figure  8.  Also  shown  for  comparison  are  the  experimentally  measured 
values,  presented  in  Section  6.  4.  1  of  this  report.  The  results  show 
good  agreement  between  theoretical  predictions  and  actual  measurements. 
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Density,  BTU/hr-ft 


*—  —  —  Theoretical 


Experimental 


Source  Temperature  =  J200°F 


Target  Distance 


Radial  Distance,  Feet 

Figure  8  Comparison  of  Theoretical  and  Experimentally  Measured 
Values  of  the  Radiant  Flux  Density  Distribution 
at  the  Target  from  the  GFP  Gasoline  Heater' 


The  small  increase  in  measured  values  over  theoretical  predictions 
at  the  target  distance  of  4  ft,  is  probably  due  to  the  very  short 
cylindrical  reflector  integral  to  the  heater. 

The  analysis  to  predict  the  spatial  flux  density  dis¬ 
tribution  for  heaters  with  reflectors  is  presented  in  Appendix  B. 
Theoretically  predicted  values  of  the  flux  density  distribution  at 
target  distances  of  4  and  8  feet  and  for  three  different  souice 
types  are  shown  in  Figures  9,  10  and  11.  Each  figure  also  shows, 
for  comparison,  experimental  measurements  of  the  flux  density  as 
obtained  in  the  experimental  program  with  heaters  having  similarly 
configured  sources. 

Figure  9  is  for  a  disc  source  with  a  conical  reflector 
and,  has  for  comparison,  test  results  of  the  GFP  gasoline  heater 
with  a  large  conical  reflector  as  given  in  Section  6.4,1  of  this  report. 

Figure  10  shows  the  distribution  from  a  cylindrical 
source  in  a  parabolic  reflector  and  the  results  are  compared  with 
the  measured  performance  of  the  Pyrocore  heater  as  given  in 
Section  6.4.  2  of  this  report. 

Figure  11  shows  the  distribution  from  a  hemispherical 
source  in  a  paraboloidal  reflector  and  the  results  are  compared  with 
the  measured  performance  of  the  Fos ter -Miller  Radiant  Heater  as 
given  in  Section  6.4.5  of  this  repcrt. 

All  these  figures  show  good  correlation  between  theory 
and  practice,  thus  verifying  the  theoretical  basis  used  in  Appendices 
A  and  B  for  deriving  the  spatial  flux  density  distribution. 
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Source  Temperature  =  J200  F 
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Figure  9  Comparison  of  Experimental  and  Theoretical  Values  of  the  Radiant 


Flux  Density  Distribution  at  the  Target  from  the  uFP  Gasoline 


Heater  with  the  Long  Conical  Reflector 


Density,  BTU.  hr-ft 


Figure  11  Comparison  of  Experimental  and  Theoretical  Values  of  the  Radiant 
Flux  Dens: ty  Distribution  at  the  Target  from  the  Foster -Miller 
Hemispherical  Source  Radiant  Heater 
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The  analysis  has  been  further  utilized  to  develop  design 
charts  for  the  preliminary  sizing  of  source -reflector  configurations 
to  achieve  a  specified  flux  density  at  a  given  target  distance.  The 
actual  flux  density  over  the  target  diameter  of  8  feet  is  seen  to  be 
quite  ncnuniform,  specially  at  the  close  target  distance  of  4  feet,  and 
approaches  uniformity  at  the  larger  target  distances  of  8  feet.  To 
simplify  the  presentation  of  the  design  curves,  a  mean  value  of  the 
flux  density  has  been  used.  In  addition,  the  performance  of  these 
source -reflector  configurations  has  been  theoretically  compared  to 
select  the  optimum.  These  results  are  described  in  the  following 
two  sections. 


4.  4  Charts  for  Heater  Design 


Figures  13  through  25  present  charts  for  the  pre¬ 
liminary  design  of  three  different  heater  configurations  consisting  of, 


(a)  Disc  Source  -  Conical  Reflector  (Figures  1 3  to  17) 

(b)  Cylindrical  Source  -  Paraboloidal  Reflector 
(Figures  18  to  21) 

(c)  Hemispherical  Source  -  Paraboloidal  Reflector 
(Figures  22  to  25) 

These  charts  permit  the  selection  of  a  source  and 
reflector  size  to  meet  any  specified  value  of  mean  flux  density  over 
a  target  8  feet  in  diameter  and  located  at  distances  of  4,  6,  8  and 
10  feet  from  the  heater.  There  are  four  sets  of  charts  for  each 
heater  configuration  corresponding  to  the  four  target  distances.  An 
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additional  chart  tor  the  geometrical  design  of  the  conical  reflector, 
as  developed  in  Appendix  A,  is  included  here  for  completeness. 


These  design  charts  are  based  on  a  source  temperature 

2 

of  1500  °F  and  an  emissive  power  of  25,000  BTU/hr-ft  .  They  can 
be  used  equally  well  for  any  other  source  temperature  by  multiplying 
the  abscissa  (i.  e.  flux  density)  of  these  curves  by  the  following 
source  temperature  correction  factor,  f 


4 


where 

Tg  is  the  absolute  temperature  of  the  source,  °R 

Figure  12  identifies  the  geometrical  configuration  of  the 
three  sources  used  in  the  development  of  these  charts.  The  principal 
design  parameters  are  the  source  diameter,  the  reflector  diameter 
and  reflector  length.  The  charts  are  plotted  with  the  mean  flux  density 
at  the  target  as  the  abscissa  and  the  radius  of  the  source  as  the 
ordinate.  The  charts  can  be  used  for  heater  design  and  for 
estimating  the  mean  flux  density  at  the  target  from  a  specific  design 
configuration. 


(a)  Design  of  Disc -Source -Conical  Reflector  Heater 

Figures  13  through  17  are  the  design  charts  to 
be  used  for  the  preliminary  design  of  a  disc -source -conical -reflector 
heater.  Figures  13  through  16  show  the  variation  of  flux  density  at 
the  target  with  source  radius  as  a  function  of  constant  reflector  length 


51 


Heater -Target  Distance  8  Feet 


for  target  distances  of  4,  6,  8  and  10  feet  respectively.  Figure  17 

shows  the  geometrical  relationships  for  an  optimum  conical  reflector 

design.  It  shows  the  variation  of  R  /R  as  a  function  of  L/R  for 
b  o'  s  s 

various  target  distances  H  (i.  e.  H/Rg).  Thus  for  any  Rg,  L/R^  and 

H  the  reflector  radius  R  can  be  determined.  The  cone  angle  of 

o 

the  reflector  can  also  be  determined  from  Figure  17.  In  general, 
for  high  heat  transfer  efficiency,  it  is  preferable  to  use  the  smallest 
diameter  source  and  largest  diameter  reflector  consistent  with  the 
flux  density  required  at  the  target. 

(b)  Design  of  Cylindrical -Source -Paraboloidal 
Reflector  Heater 


Figures  18  through  21  are  the  design  charts 

to  be  used  for  the  preliminary  design  of  a  cylindrical -sour re -pa ra  - 

boloidal -reflector  heater.  These  figures  show  the  variation  of 

source  radius  with  mean  flux  density  at  the  target.  The  charts  show 

lines  of  constant  reflector  radius  R  and  constant  R  /R  ,  i.  e.  the 

o  o  s 

ratio  of  reflector  radius  to  source  radius.  These  charts  can  be 
used  in  the  following  two  ways: 

(1)  When  the  design  for  a  certain 
application  has  specified  size  constraints,  such  as,  maximum  reflector 
radius,  the  source  size  can  be  directly  obtained  from  these  charts 
by  drawing  a  vertical  line  from  the  required  flux  density  on  the 
abscissa  to  intersect  the  specified  constant  reflector  radius  curve. 

The  ordinate  of  this  intersection  point  then  represents  the  source 
size. 

(2)  When  there  are  no  such  constraints 
on  reflector  size,  the  design  can  best  be  achieved  by  selecting  a 
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Figure  17  Configuration  Chart  for  Design 
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small  source  size  on  the  ordinate  of  the  chart  and  drawing  a 

horizontal  line  on  the  chart  till  it  intersects  a  constants  R  /R 

o'  s 

curve  which  gives  the  necessary  mean  flux  density  at  the  target. 
From  this,  the  reflector  radius  can  be  obtained. 

(c)  Design  of  Hemispherical-Source-Paraboloidal- 
Reflector  -Heater 

Figures  22  through  25  are  the  design  charts 
to  be  used  for  the  preliminary  design  of  a  hemispherical -source  - 
paraboloidal -reflector  heater.  These  charts  are  identical  to  those 
developed  for  the  cylindrical  source  design  described  in  (b)  and 
are  to  be  used  similarly. 

4.  5  Sample  Use  of  Design  Charts 

To  demonstrate  t  ie  use  of  these  charts  heater  con¬ 
figurations  have  been  sized  as  per  the  following  design  requirements 

(1)  Mean  flux  density  of  200  BTU/hr-ft^  at 
target  distance  of  10  feet. 

(2)  Maximum  reflector  radius  =  12  inches 

(3)  Maximum  reflector  length  =  12  inches. 

The  calculated  source  size  for  the  three  different  configurations  is 
presented  in  Table  III.  This  table  also  shows  the  mean  flux  density 
at  4,  6  and  8  feet  target  distam.es  for  these  design  configurations. 
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Target,  BTU/hr-ft 
urce  -Paraboloidal  -  Re fie 


Mean 


TABLE  III 


•I*] 


These  eater  designs  have  different  source  areas  and 
consequently  different  values  of  the  total  heat  flux  radiated  and  net 
fuel  input.  For  example,  the  hemispherical  source  has  the  smallest 
area  and  hence  the  highest  fuel  efficiency.  In  the  next  section  we 
compare  the  relative  performance  of  the  three  different  heater  con¬ 
figurations  on  the  basis  of  constant  fuel  input  and  constant  total  heat 
flux  radiated. 

4.  6  Evaluation  of  Optimum  Source -Reflector  Configuration 

Three  source  geometries,  disc,  cylindrical,  and 

hemispherical  were  theoretically  compared,  using  the  analysis  of 

Appendix  B,  under  identical  conditions  of  total  heat  flux  radiated, 

that  is  source  area  and  temperature.  Each  source  is  assumed  to 

have  an  optimum  reflector  design  to  fit  within  the  same  overall 

envelope.  The  comparison  was  based  on  a  sou.  e  area  of  113  sq. 

in  and  an  envelope  size  of  96  sq.  in  (i.  e.  ,  lengtn  x  radius). 

Figure  26  shows  schematically  the  relative  size  and  configuration  of 

the  heaters.  Figure  27  shows  the  flux  density  distribution  at  target 

distances  of  4  and  8  feet  for  a  source  black  body  temperature  of 

2 

i  500  °  F  and  an  emissive  power  of  25,000  BTU/hr-ft  , 

The  results  show  that  the  flux  density  from  the 
hemispherical  source  heater  is  at  least  50  percent  greater  the  n  the 
flux  density  available  from  the  disc  source.  This  shows  the 
superiority  of  the  hemispherical-source -paraboloidal  reflector  design. 
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Survey  and  Evaluation  of  Commercial  Radiant  Heaters 


The  effectiveness  of  this  survey  of  commercially  available 
radiant  heaters  was  substantially  increased  by  virtue  of  the  infor¬ 
mation  available  in  two  research  bulletins  published  by  the  American 

Gas  Association  Laboratories  on  infrared  energy  generated  by 

9  10 

radiant  gas  burners.  ’  The  reader  is  referred  to  these  publications 
for  further  information  on  the  spectral  energy  distribution  of 
radiation,  the  spectral  emissivity  and  absorptivity  of  var.ous  materials, 
and  the  radiant  heating  effectiveness  due  to  matching  of  the  spectral 
energy  content  of  radiation  with  the  spectral  absorptivity  of  the  load. 

A  short  discussion  of  some  general  considerations  affecting 
radiant  heater  design,  as  abstracted  from  these  reports,  is  pre¬ 
sented  in  the  following  section.  (A  quantitative  parametric  analysis 
of  a  radiant  heater  is  presented  in  Appendix  C.  )  This  is  followed 
by  a  detailed  evaluation  of  the  commercial  heaters  surveyed  and 
identification  of  the  heater  designs  selected  for  further  experimental 
evaluation. 

5.  1  General  Discussion  of  Radiant  Heaters 


5.  1.  1  SpecVal  Content  of  Infrared  Energy 

A  radiant  or  infrared  heater  is  commonly  used 
in  Industry  for  the  direct  heating  of  objects  placed  in  its  path.  As 
a  perc  mnel  heater,  it  holds  the  highest  potential  among  the  various 
types  of  heaters  for  approaching  the  benefits  of  solar  heating.  With 
proper  design,  it  can  provide  a  uniform  radiant  flux  intensity  on  the 
object. 
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For  the  present  application,  radiant  heaters 
can  be  classified  into  three  categories,  based  on  the  type  of  energy 
utilized  for  heating,  namely:  electric,  gas,  and  liquid- fuel- fired 
burners.  In  general,  all  these  beaters  consist  of  an  infrared  energy 
emitter  which  is  heated  to  a  temperature  high  enough  to  radiate  in 
the  infrared  band  of  the  electromagnetic  spectrum.  This  wavelength 
spar,  extends  from  the  limit  of  visible  red  to  the  ultra  short  Hertzian 
range,  namely,  0.75  to  400  microns.  The  most  useful  range  of 
wavelengths  of  infrared  energy  for  these  types  of  burners  lies  in  the 
range  of  1.4  to  16  microns.  For  a  high  effectiveness ,  it  is 
necessary  that  the  spectral  emissivity  or  absorptivity  of  the  source 
and  the  receiver  be  properly  matched.  For  example.  Figure  28  shows 
the  effect  of  mismatch  between  source  and  load,  where  a  large 

portion  of  the  emitted  energy  is  wasted  when  using  a  high  temperature 

9 

4,030°F  radiation  sourc..  A  much  nigher  efficiency  would  be 
obtained  using  the  700  CF  source. 

The  gas  and  liquid -fuel -fired  burners  differ 
from  the  electric  infrared  heaters  in  that  they  utilize  the  combustion 
of  fuel  to  raise  the  temperature  of  the  emitter  surface.  The  hot 
gases  produced  as  a  result  of  combustion  can  contribute  to  the  total 
energy  radiated.  Tests  on  gas  burners  indicated  that  this  could 
be  as  much  as  15  percent  or  the  total  energy  radiated.  ^  In 
addition,  the  total  spectral  radiation  curve  is  modified  by  radiation 
from  gases  resulting  in  certain  peaks,  as  shown  in  Figure  29, 
which  in  some  cases  can  be  utilized  advantageously  to  match 
corresponding  peaks  in  absorptivity  of  the  load.  For  example. 

Table  IV  shows  the  a.bsorption  characteristics  of  some  typical  load 
materials  found  in  industrial  practice. 
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Figure  28  Absorption  Curve  for  H-,0  Film  and  Radiant 
Energy  Curves  for  4,0 30  °  F and  700  0  F  Sources^ 
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TABLE  IV 


ABSORPTION  CHARACTERISTICS  OF  SOME 
TYPICAL  MATERIALS  9 


An  evaluation  of  various  gas -fired  generators 
showed  these  to  emit  energy  at  longer  wavelengths  than  most  electrical 
generators.  ^  Further,  it  has  been  shown  that  longer  wavelength 
energy  was  more  readily  absorbed  by  most  common  load  materials 
than  shorter  wavelength  energy.  Figure  30  shows  the  differences  in 
behavior  of  two  infrared  sources  on  heating  a  film  of  linseed  oil. 

Table  V  summarizes  the  effectiveness  of  various  gas  and  electrical 
sources  for  heating  three  representive  loads. 

Thougu  specific,  quantitative  data  on  the  spectral 
absorptivities  of  clothing  and  human  skin  was  not  available,  it  is 
concluded,  based  on  the  organic  content  of  the  receiving  material, 
that  the  longer  wave  length  energy  would  be  more  effective  for 
personnel  heating.  Therefore  a  source  temperature  in  the  range  of 
1400  °F  to  2000  °F  is  recommended. 
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Wavelength,  Microns 

Electric  Lamp  Emission  Curve 
Gas  Burner  Emission  Curve 
(D  Linseed  Oil  Absorption  Curve 


Figure  30  Absorption  Characteristics  of  Film  of  Linseed 
and  Emission  Curve  of  Two  Infrared  Sour ces 


Relative 


TABLE  V 

ABSORPTION  OF  INFRARED  RADIATION  FROM  VARIOUS 
GAS  AND  ELECTRICAL  SOURCES  BY  THREE  REPRESENTATIVE 

LOADS  9 


Radiant  Source  > 

Percent  of  Total  Radiated  Energy  Absorbed 

by 

(a)  (b)  (c) 

1  -mm-Thick  Linseed  Oil 

H^O  Film  Film  Concrete 

Infrared  Gas  Burner 

95.  50 

27.  50 

41.  40 

250 -W  Industrial  I-R  Lamp 

59.00 

8.  56 

9.  28 

500  -W  Translucent  Quartz 

62.00 

10.  70 

16.  28 

Lamp 

750-W  Translucent  Quartz 

94.  00 

25.  50 

44.  80 

Tube 

(a)  Major  absorption  wavelengths, 

1.5  to  16.  Op 

(b)  Major  absorption  wavelengths, 

3.  3  to  3.  7p  ,  5.  6  to  5.  9p  ,  6.  8  to  9.  5p 

(c)  Major  absorption  wavelengths, 

2.  7  to  6.  Op 


5.  1.  2  Types  of  Infrared  Energy  Generators 

5.  1.  2.  1  Liquid  and  Gas -Fuel -Fired  I-R  Generators 
Liquid-  and  gas -fueled  infrared  energy 


generators  utilize  the  combustion  of  the  fuel  to  raise  the  temperature 
of  a  solid  emitter.  As  discussed  in  the  previous  section,  only  a  small 
fraction  of  the  total  radiated  energy  is  supplied  directly  by  the  luminous 
flame.  Solids  are  better  rc.did.tors  than  gases  as  they  offer  the 
potential  of  controlling  the  radiated  wavelength  span  by  a  control  of 
the  temperature,  while  flame  radiation  is  limited  to  well  defined  bands 
due  to  the  characteristic  radiation  wavelengths  of  the  CO^  and  II^O 
molecules.  Four  classes  of  the  common  types  of  1-R  burners  arc- 
shown  in  Figure  31. 


An  internally  fired  radiant  tube  type 
of  burner  is  shown  in  Figure  31  (a).  This  may  also  be  of  the  panel 
type.  These  are  indirect  units  where  the  radiant  surface  is  between 
the  flame  and  the  load  and  are  used  particularly  where  contamination 
of  the  atmosphere  by  gases  is  not  permitted.  Surface  temperatures 
between  900°  to  2500  CF  can  be  achieved. 

A  surface  combustion  1-R  burner  which 
uses  a  porous  refractory  as  its  radiating  surface  is  shown  in  Figure  3J(b). 
The  fuel -air  mixture  flows  through  the  ceramic  material  and  burns  on 
its  outer  surface.  The  refractory  is  heated  and  becomes  the  radiating 
surface.  Typical  atmospheric  burners  of  this  type  can  achieve  tem¬ 
peratures  up  to  I650CF.  Higher  density  refractories  used  with  power 
burners  can  achieve  somewhat  higher  temperatures  up  to  1800  ‘  F. 

This  type  of  burner  is  extensively  used  in  space  heating  applications. 

A  directly  fired  refractory  burner 
where  the  radiating  surface  is  heated  directly  by  a  flame  on  its 
surface  is  shown  in  Figure  31  (c).  These  are  generally  used  with 
power  burners  resulting  in  operating  temperatures  up  to  2800 ‘  F. 
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Catalytic  Oxidation  I-R  Burner 


Figure  31(d)  shows  a  low  temperature 
catalytic  type  atmospheric  burner  with  typical  operating  temperatures 
up  to  650  0  F. 


Table  VI  shows  pertinent  radiation 
data  for  gas- fired  infrared  burners  as  given  in  Reference  10. 


5.  1.  2.  2 


Electric  infrared  Generators 


commonly  exist: 


(a) 


(b) 


(c) 


Three  types  of  electric  I-R  lamps 


Conventional  1-R  Lamps 

These  lamps  are  emitters  of 
principally  shortwave  energy  with  a 
filament  temperature  of  approximately 
4000  °F.  They  require  a  refl  ector 
which  may  be  in  the  form  of  a  coating 
inside  the  lamp  to  direct  the  I-R 
energy. 

Radiant  Rods 


These  consist  of  sheathed  metal  tubes 
heated  by  the  resistance  principle  to 
about  1500°F.  High  operating  cost  is 
quoted  as  a  principal  limitation. 

Quartz  Lamp 

Such  a  lamp  consist  of  small  diameter 
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catalytic  type  atmospheric 
up  to  650  °F. 


Figure  31(d)  shows  a  low  temperature 
burner  with  typical  operating  temperature? 


data  f 


gas- fired  infrared 


Table  VI  shows  pertinent  radiation 
burners  as  given  in  Reference  10. 


commonly  exist: 


Electric  Infrared  Generators 
Three  types  of  electric  I-R  lamps 


(a'  Conventional  I-R  Lampc 

These  lamps  are  emitters  of 
principally  shortwave  energy  with  a 
filament  temperature  of  approximately 
4000  °F.  They  require  a  reflector 
which  may  be  in  the  form  of  a  coating 
inside  the  lamp  to  direct  the  I-R 
energy. 

(b)  Radiant  Rods 

Ihese  consist  of  sheathed  metal  tubes 
heated  by  the  resistance  principle  to 
about  1500  “F.  High  operating  cost  is 
quoted  as  a  principal  limitation. 

(c)  Quartz  Lamp 


Such  a  lamp  consist  of  small  diameter 
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RADIATION  DATA  FOR  GAS  FIRED  INFRARED  BURNERS 


GIR  Factor  is  the  effective  emisBivity  for  this  type  of  burner  and  includes 
direct  radiation  from  the  hot  gases. 


translucent  tubes  heated  by  a  high 
temperature  tungsten  filament.  It 
requires  a  reflector  to  direct  its 
energy.  Extremely  high  intensities  are 
possible  with  this  type  of  lamp; 
particularly  useful  where  instantaneous 
response  is  required. 

(^)  Quartz  Tubes 


These  are  similar  in  construction  to 
quartz  lamps  but  use  a  lower  tem¬ 
perature  nichrome  wire  filament  with 
an  operating  temperature  near  J  500  '  F. 
Thus,  this  type  of  lamp  emits  energy 
at  a  longer  wavelength  than  the  other 
electric  I-R  sources.  The  tubes 
require  reflectors  and  are  not  capable 
of  high  intensity  operation.  it  produces 
1-R  energy  that  is  quite  similar  to  that 
produced  by  the  fuel  fired  burners. 


radiation  data  for 


Table  VII  shows  some  pertinent 
electric  I-R  generators  a s  abstracted  from  Reference  10 


Application  to  Personnt,  Heating  in  the 
Arctic  '  - - 


The  thermal  efficiency  of  the  fuel 

fired  burner  depends  „„  the  effictency  of  combustion  and  energy  transfer 
to  the  solid  emitter.  The  hea,  carr.ed  away  by  the  ho,  combust,™  gases 
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15  Wasted  if  lhese  Bases  are  directly  exhausted 
Thermal  efficiency  can  be  improved  by: 


to  the  atmosphere. 


a. 


b. 


Utilizing  a  high  temperature  burner 

with  air  -  fuel  ratios  close  to  stoichio¬ 
metric. 

Utilizing  the  waste  heat  in  the  exhaust 
gases  for  preheating  the  incoming  air 
and  fuel.  A  simple  analysis  shows 
that  approximately  50  percent  of  the 

beat  is  wasted  in  the  high  temperature 
exhaust  gases. 


-  -i-xx  neater  lor  this 


application  will  reauire  itc  , 

3  to  ,0  Kw  including  ^  .‘.Z  ^  ECnCral0r  ^ 

g  gasoline  engine  and  electric  generator  c  i 

a  unit  would  add  considerable  weight  to  the  overall  heater  A  t]  ^  ' 

efficiency  of  electric  power  general, „„  „f  3„  percen,  o  '  T 

expected.  P  r  nt  or  less  can  be 


— '  .  i  . 


trf,  A 


L  OI 


Burner  Coating 


inherently  a  surface  nh  Radiation  from  a  solid  body  ,s 

y  surlace  phenomenon  dependent  on  thn  t 
emissivity.  It  is  possible  to  change  the  emperature  and  the 

working  of  the  surface  such  as  nol  1  emissivity  by  mechanical 
the  surface  with  metallic  oxides  salts”8  ^  Sa”dbIaStln8  °r  coatin8 

vary  the  surface  radiation  at  hj  “ '  t' "  ^  ^ 

,ie  same  temperature. 
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A  study  of  the  effect  of  metallic 

oxide  coatings  on  gas- fired  I-R  burners  revealed  that  a  change  of 
-12  to  +15  percent  of  the  total  normal  radiation  could  be  effected.  * 
However,  this  is  not  a  significantly  large  effect  to  merit  a  detailed 
investigation. 

5.  2  Survey  and  Preliminary  Evaluation  of  Commercial 
Radiant  Heaters 


A  large  number  of  commercial  radiant  heaters  were 
sv  veyed.  The  more  applicable  ores  have  been  catalogued  in  Table  VIII 
Almost  all  use  electricity  or  gas  as  their  energy  source.  One 
commercially  available,  oil-fired  radiant  heater  was  found;  however, 
it  is  designed  for  permanent  installation  for  the  heating  of  buildings, 
and  is  very  large  and  heavy.  It  was  excluded  from  further 
evaluation  in  this  study. 

No  commercial  gasoline -fired  infrared  heaters  were 
found.  One  possible  producer  of  such  a  heater,  the  Hunter  Manu¬ 
facturing  Company,  was  contacted.  They  did  make  a  few  heaters 
under  contract  to  the  Army  nearly  10  years  ago.  However  these 
heaters  were  probably  found  to  be  unsatisfactory  since  they  were 
never  produced  in  quantity. 

For  the  purpose  of  comparison  and  evaluation  in  terms 
of  radiant  heat  transfer  efficiency,  the  heaters  have  been  classified 
in  Table  VIII  as  area,  line,  or  point  sources  based  on  the  geometry 
of  their  emitting  surfaces.  A  summary  discussion  of  these  heaters 
is  presented  in  the  following  sections. 
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CHARACTERISTICS  OF  RADIANT  HEATERS 
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Heaters  chosen  for  testing. 


5.  2.  1  Area  Sources 


5.2.  1 .  1  Surface  Combustion  Burners 

Many  of  the  area -type  heaters  use 
propane  or  natural  gas  for  fuel, and  most  can  be  further  classified  as 
Surface  Combustion  Burners.  Surface  Combustion  Burners,  in  general, 
consist  of  a  plenum,  a  burner  grid,  and  a  reverberator  screen  as 
shown  in  Figure  32 

The  plenum  performs  two  functions: 
it  allows  the  mixing  of  gas  and  air  in  the  proper  ratio,  and  then  dis¬ 
tributes  it  along  the  back  of  the  burner  grid.  The  gas -air  mixture 
flows  through  the  burner  grid  and  burns  on  the  grid  surface.  The 
reverberator  screen  is  mounted  about  1/2  inch  beyond  the  burner  face. 

The  screen  is  generally  coarse  and  acts  as  a  re -radiator,  reflecting 
and  radiating  energy  back  to  the  burner  face.  In  addition,  the  screen 
itself  radiates  energy  directly  to  the  object  and  adds  to  the  heater 
output.  Experiments  have  shown  that  the  temperature  and  total  normal 
radiation  is  higher  for  the  screened  burner  then  the  unscreened  one, 
at  the  same  fuel  input  and  air  adjustment. 

The  unit  made  by  Bettcher  Manufacturing 
Corporation  and  listed  in  Table  VIII  consists  of  a  portable  heater  mounted 
on  a  two -wheeled  cart  The  heater  has  an  inconel  burner  and  rever¬ 
berator  screen  which  is  surrounded  by  an  aluminum  reflector  to  better 
direct  the  radiation. 

The  heater  operates  on  Lquid  propane 
gas  that  is  carried  in  a  tank  on  the  two -wheeled  cart.  One  interesting 
feature  of  this  heater  is  a  thermocouple  flame  sensor  that  shuts  off 
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all  gas  if  the  flame  is  extinguished.  This  heater  has  been  designed 
for  outdoor  operation  but  has  no  provisions  to  prevent  flame -out  caused 
by  the  wind;  therefore,  it  must  be  used  in  a  sheltered  area. 

The  Van  Dorn  All-Weather  heater  is 
basically  very  similar  to  the  previous  heater.  It  has  a  3 -layer  woven 
inconel  600  burner  and  an  inconel  reverberator  screen.  By  adding 
an  enclosure  and  a  control  system,  the  heater  has  been  made  wind- 
proof.  The  manufacturer  claims  that  the  pilot  will  not  blow  out  even 
under  an  air  hose  blast.  The  heater  does  not  require  an  electrical 
hook-up. 


The  Solaronics  and  Hupp  Heaters 

have  a  ceramic  burner  instead  of  the  inconel  burner  used  by  the  two 

previous  manufacturers.  They  both  use  a  nickel -chromium  reverberator 

2 

screen.  The  Hupp  ceramic  is  perforated  with  200  holes  per  inch  and 
is  heated  to  about  1650°F  under  normal  conditions. 

The  last  surface  combustion  burner 

listed  in  Table  VIII  is  made  by  Infralux.  It  consists  of  a  ceramic  grid 
covered  by  reverberator  rods  instead  of  a  reverberator  screen.  The 
rods  are  thin  and  serve  the  same  purpose  as  a  screen. 

All  these  heaters  are  basically  very 
similar  in  principle  and  design  with  the  only  differences  being  in  the 
materials  used  for  construction  of  the  emitter  and  the  screen.  This 
can  have  some  effect  on  operation.  The  inconel  burner  is  likely  to 
be  more  rugged  and  less  susceptible  to  breakage  by  mishandling.  The 
emissivity  of  inconel  is  a  little,  but  not  significantly  higher  than 
ceramic  as  detailed  in  Table  VI  .  This  would  result  in  a  higher 
emitted  power  for  the  same  surface  temperature. 


These  surface  combustion  heaters 
seem  to  have  inherently  poor  wind-resistance  in  their  basic  forms. 

The  flame  is  exposed  and  can  be  blown  out  or  blown  off  the  burner 
face.  Some  protection  can  be  afforded  by  enclosing  the  heater  in  a 
canopy  with  a  screen  across  the  front  opening  (Figure  32  ).  However, 
for  complete  wind  protection,  a  control  system  is  necessary  with  pilot 
reignition  which  greatly  increases  che  heaters'  complexity. 

The  heater  supplied  by  the  Army  to 
Foster -Miller  Associates  consists  of  a  surface  combustion  burner 
made  of  ceramic  and  covered  by  a  metal  reverberator  screen.  It 
uses  gasoline  as  a  fuel.  The  gasoline  is  fed  under  pressure  to  the 
heater  where  it  passes  through  a  preheater,  is  vaporized  and 
burned.  This  heater  is  likely  to  be  as  adversely  affected  by  the 
wind  as  the  gas -fired  burners  previously  discussed.  In  addition  the 
unit  is  difficult  to  light  in  still  air  and  would  probably  be  extremely 
difficult  to  light  in  a  wind. 


The  other  gasoline -fired  radiant 

heater  developed  for  the  Army  by  Hunter  Manufacturing  Company,  is 
very  different  in  principle  from  the  heaters  previously  discussed.  As 
shown  in  Figure  33,  a  Hunter  Model  SPX-2  torch  head  is  supplied 
gasoline  and  air  from  2  tanks.  The  flames  from  the  torch  are  directed 
against  a  perforated  nickel -steel  surface  in  the  shape  of  a  frustrum 
of  a  cone.  The  radiating  surface  is  backed  by  a  sheet-metal  reflector. 
Performance  data  for  this  heater  is  unavailable.  Hence  a  proper 
evaluation  could  not  be  made.  However,  it  is  likely  that  this  heater 
did  not  fulfill  the  Army'  s  requirements  for  only  a  limited  number  were 
built  and  tested. 
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5.  2.  1.  2 


Catalytic  Heaters 


„  The  catalytic  heater  made  by  Cargo 

Safe,  Inc.  i.  another  type  of  area  source.  Jn  thls  heater.  catalytic 
oxi  atton,  a  chemical  reaction  in  which  the  hydrocarbons  in  the  pro- 

pane  combine  with  oxygen  while  exposed  to  a  platinum  catalyst,  heats 

the  emitter  surface.  The  healer  n-,  i 

is  flameless  ana  operates  in  a  tem¬ 
perature  range  of  250  °  to  750  0  F. 


,  ,,  L,lt-  neater  is  tlameless,  it  tan 

e  own  out  by  the  wmd  and  gasoline  or  lighter  fluid  will  not  ignite 
if  thrown  on  the  radiating  surface.  However,  a  major  drawback  of 

‘.S  yPe  °S  hMter  lS  itS  low  temperature  and  low  energy  output  per 
unit  area.  To  obtain  an  output  of  25,000  BTUyhr,  a  very  large  emi.lc 
surface  would  be  required.  The  convection  losses  from  this  large 
surface  area  would  be  high  and  would  increase  w„h  increasing  wind 
velocity  causing  a  substantial  reduction  in  the  surface  temperature  and 
the  radiant  energy  output  of  the  heater. 


5*  2‘  J-  3  Electric  Panel  Heater 


Another  type  of  low  temperature  area 
source  is  made  by  Corning  Glass  Works.  The  Pyrex  Panel  Heater  ,s 
a  tempered  borosilicate  giass  panel  w„h  an  electroconduct. ve  film  on 
one  surface.  When  an  electric  current  is  applied  to  the  film,  the 
entire  glass  panel  heats  to  about  600 'F  and  emits  radiation. 


of  a  low  temperature  emitter 
would  break  under  mechanical 


This  heater  has  all  the 
£nd  in  addition  the  panel  is 
shock. 


disadvantages 
fragile  ana 
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5.  2.  l.  4 


Circular  Quartz  Lamp  Heater 


T  VTTt.  1116  flnal  area  source  listed  in 

Table  VIII1S  made  by  the  Hi-Shear  Corporation  and  is  basically  a 

ZT  ‘’I?!  “  7  form  ^  "  SPlral  "ith  3  reflCCt°r  beh“d  '*>'  l»mp 

.  6Ur;  ,  ,  m°St  qUartZ  lamps  are  and  therefore 

ssified  as  hne  sources,  they  will  be  discussed  in  greater  detail 
in  the  next  section. 


,  A  c  ter  nas  the  highest  operatin 

emperature  of  all  the  area  sources  conside~aH 

es  conside.  ed,  approximately  4000  '  F 

nd  a  high  radiation  intensity.  However  the 

y  ever  the  heaters  occupy  only  a 

small  fraction  of  the  total  surface  area  As  a  result  rh 
,  ,  .  s  a  result  the  mean  output 

the  heater  is  approximately  8500  BTU/sq  ft -hr. 


-*•  2.  2  LineSourc 


es 


5.  2.  2.1 


Electric 


( ^ )  Quartz  Lamp 


me  quartz  lamp  is  a  hie 
emperaiurs  source  of  infrared  radiation.  I,  consists  of  a  coUJ 

ungsten  filament  in  a  quarts  tube  about  3/8  inch  in  diameter  and 
rom  to  inches  long,  depending  on  the  wattage.  The  tube  is 
tiled  with  an  inert  gas  and  its  ends  are  sealed. 


,  -  - -  temperature  oi 

7  18  ab°U‘  40°3<F'  "h“h  “  •»»-  700-  less  than  the  operatin. 
empera  ure  o  the  “laments  in  incandescent  lamps.  At  4000"F  most 

the  infrared  energy  passes  through  the  quarts  enclosure  and  the  lap 
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Infra 


emits  about  86  percent  of  its  input  energy  as  radiant  energy.  Part 
of  this  energy,  approximately  8  lumens  per  watt,  is  radiated  as  visible 
light. 


Quartz  makes  possible  the 

compact  size  of  these  lamps  because  of  the  high  temperatures  it  can 
withstand.  Ordinary  glass  softens  at  about  840  °  F  while  the  softening 
point  of  quartz  is  around  3000 °F.  This  property  of  quartz  enables 
the  tungsten  filament  to  operate  very  close  to  the  tube  walls.  it  is 
highly  transparent  to  infrared  radiation  below  5  microns  thus  per¬ 
mitting  its  passage  with  little  absorption.  It  is  resistant  to  practically 
all  chemical  solvents,  and  it  possesses  excellent  thermal  shock  resistance. 
It  is  claimed  that  quartz  will  not  fracture  if  plunged  into  ice  water 
from  a  temperature  of  2000  °F. 


(2)  Quartz  Tubes 


The  quartz  tube  looks  very 

much  like  the  quartz  lamp  and  the  two  are  often  confused.  A  quartz 
tube  uses  a  nichrome  wire  filament  instead  of  a  tungsten  filament,  is 
not  gas -filled  and  has  a  ceramic  plug  in  each  end  which  is  not  air¬ 
tight. 

The  3/8  inch  diameter  tube  is 

rated  at  about  50  watts  per  inch.  This  is  only  half  as  much  as  the 

input  per  inch  to  the  quartz  lamp.  For  higher  inputs  the  diameter  of 

the  tube  is  increased. 

The  filament  in  the  quartz 

tube  heater  operates  at  about  1600°F  w'  >ch  is  close  to  the  temperatures 
of  most  gas  heaters.  Because  of  this  the  spectral  distribution  of  the 
energy  emitted  by  the  quartz  tube  and  most  gas  heaters  is  similar. 
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(3)  Metal  Sheath  Resistance  Heater 


The  metal  sheath  heater  is  the 

most  rugged  of  all  electric  heaters.  It  consists  of  an  electrical 
resistance  element  embedded  in  a  ceramic  rod  which  is  in  turn 
enclosed  by  the  metal  sheath.  When  an  electrical  current  is  applied, 
the  whole  unit  is  heated  to  about  600  °F. 

(4)  Comparison  of  Different 

Electric  Line  Source  Heaters 


The  quartz  lamp  heater  is 

probably  the.  most  efficient  of  all  infrared  generators.  It  operates  at 
a  high  temperature  and  is  very  efficient  in  converting  its  input  energy 
into  radiant  energy.  The  quartz  envelope  surrounding  the  filament  does 
not  absorb  much  of  the  radiant  energy,  thus  minimizing  convection 
losses  to  the  environment.  Figure  35  is  a  graph  of  radiation  vs.  air 
velocity  for  the  three  types  of  electric  heaters.  It  shows  that  the 
quartz  lamp  and  the  quartz  tube  heaters  are  affected  by  the  wind  to  a 
much  lesser  degree  then  the  metal  sheath  heater  whose  radiating  surface 
is  exposed  to  the  wind. 


It  appears  that  a  quartz  wind¬ 
break  may  be  a  desirable  feature  to  add  to  any  infrared  heater. 

Quartz  is  transparent  to  much  of  the  infrared  energy  given  off  by  the 
heaters  and  would  effectively  shield  the  heaters  from  the  wind.  Its 
one  drawback  is,  of  course,  its  weakness  to  mechanical  shock. 

All  of  the  electric  heaters 

are  produced  in  a  fairly  standardized  form  by  several  manufacturers  such 
as  the  General  Electric  Co.  and  Westinghouse.  They  are  then 
packaged  in  reflectors  by  a  large  number  of  companies. 
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or  Electrical 


All  of  the  quartz  lamps  and 

tubes  manufactured  by  the  major  companies  are  straight.  The  heater 
produced  by  the  Hi-Shear  Corporation  and  discussed  earlier  was  the 
onlv  one  found  using  a  quartz  lamp  that  was  curved.  Metal  sheath 
heaters,  on  the  other  hand,  can  be  eas.ly  bent  and  come  in  a 
variety  of  configurations. 


5.  2.  2.  2  Gas  Heaters 


(J) 


Radiant  Tube  Burner 


Radiant  Tube  Burners  use  a 
e  or  pipe  as  the  radiating  surface  between  the  flame  and  the  load, 
s  an  example  the  Roberts -Gordon  system  listed  ,n  Table  V1JI  and  show, 
in  Figure  36  consists  of  a  length  of  black  iron  pipe  with  a  combustion 

c  amber  at  one  end  and  an  eductor  at  the  other  to  pull  the  hot  gases 
through  the  pipe. 


designed  for  heating 
radiant  tube  burner 


This  particular  heater  was 
buildings  and  is  large  and  heavy.  However,  a 
could  be  designed  to  be  quite  light  and  rugged. 


■me  noDerts-Uordun  heater 

has  a  maximum  temperature  of  1000'F.  It  is  provided  with  a  reflector 
to  direct  the  radiation.  The  radiating  surface  of  this  heater  is  d.rectly 
exposed  to  the  environment;  its  operating  temperature  is  relatively 
low.  It  is  therefore  likely  to  suffer  a  substanual  reduction  radian, 
energy  output’ when  exposed  to  high  wind. 


5.  2.  3  Point  Sources 


Since  true  point  sources  do  not  exist,  the 
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heaters  discussed  in  this  section  are  approximations  to  a  point  source. 
However,  point  sources  are  an  interesting  category  because  they  lend 
themselves  to  a  variety  of  reflector  shapes  and  their  energy  can  be  aimed 
better  then  the  energy  from  other  types  of  sojrc  ss. 

5.  2.  3.  1  General  Electric  R-40  bulbs 

Often  called  incandescent  heat  lamps, 
these  are  the  most  common  electric  infrared  generators.  These  lamps 
are  very  similar  to  the  common  light  buib.  They  use  a  hot  tungsten 
element  as  the  energy  source  and  usually  have  a  built -in  reflector. 

The  infrared  generating  characteristics  of  this  bulb  are  the  same  as 
those  of  the  quartz  lamp.  The  filament  operating  temperature  is 
4000  °F  and  approximately  86  percent  of  the  input  energy  is  radiated 
with  about  8  lumens  per  watt  given  off  as  visible  light. 

These  lamps  are  efficient  sources  of 
radiant  energy  and  are  not  affected  by  the  wind;  however,  they  arc- 
fragile  and  cannot  take  any  mechanical  shock. 

5.  2.  3.  2  Radiant  System'  s  Pyrocore 

The  Radiant  System  Pyrocore  is  a 

uniquely  shaped  surface  combustion  burner.  The  ceramic  element  is 
cylindrical  with  a  pipe  nipple  connector  at  one  end  (Figure  37  ).  It 
is  surrounded  by  a  nichrome  wire  reverberator  screen  and  the  entire 
unit"  is  placed  in  a  parabolic  reflector.  The  burner  operates  without 
a  blower  at  gas  pressure  of  10  to  30  psi. 

The  operating  temperature  and  the 
output  of  the  burner  can  be  modulated  by  changing  the  gas  pressure. 

The  maximum  continuous  operating  temperature  is  2000  c  F. 
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This  unit  approximates  a  point  source 
and  is  surrounded  by  a  parabolic  reflector  to  direct  the  radiant  energy. 
The  manufacturer  claims  that  the  heater  is  windproof,  very  light,  and 
resistant  to  mechanical  shock. 

5.  2.  3.  3  Selas  Duradiant  Burners 

The  Selas  Duradiant  Burners  arc 

cup-shaped,  ceramic  burners  with  a  wide  variety  of  sizes.  Fach 
Duradiant  burner  is  assembled  around  a  central  mixture  tube  of 
metal  or  ceramic  material,  according  to  the  antic  ipated  servic  e 
temperature  (Figure  38  ).  A  molded  high  temperature  ceramic  tip 
is  screwed  into  the  end  of  the  mixture  tube.  With  numerous  narrow 
slots  molded  into  its  periphery,  the  tip  functions  essentially  as  tin- 
distributing  head  of  a  multiple -port  burner.  Surrounding  the  burner 
tip  is  a  refractory,  cup  shaped  block  through  which  the  tip  protrudes. 

The  inner  contour  of  the  cup  has  been 
shaped  so  that  its  surface  is  always  washed  by  hot  combustion  pro¬ 
ducts,  regardless  of  operating  rates.  Because  the  refractory  cup  is 
heated  by  the  combustion  products  at  their  highest  temperatures ,  it 
becomes  highly  incandescent.  Combustion  is  completed  within  the  cup. 

The  input  to  the  burners  can  be  varied 
by  changing  the  input  pressure  of  the  propane  or  natural  gas.  With 
an  input  pressure  of  18  inches  water  column,  a  3  3/8"  diameter  burner 
has  a  capacity  of  28,000  BTU/dir;  therefore,  these  burners  have  a 
large  capacity  fo r  their  small  size.  For  open  applications  the  burners  are 
enclosed  by  a  stainless  steel  or  cast  iron  casing  which  should  greatly 
increase  their  strength. 
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For  outdoor  applications  the  burner 
is  likely  to  be  greatly  affected  by  the  wind. 

5.  2.  4  Other  Heaters 

The  Hupp  Hot -Tot  Heater  shown  in  Figure  V) 

!’  a  laree  high  Capacit)'  Pe”o-»el  heater  designed  for  indoor  use 

ha„S  ara‘ed,h  ‘  Y“el  mPUt  86'000  BTUAr  Wh“h  ‘s  ab““*  «  times  larger 
than  a„y  other  heater  of  the  same  size  and  weigh,.  The  Ho, -Tot  has 

a  cylindrical  source  of  the  same  general  shape  as  the  Pyrocore  heater 

and  operates  a,  appropriately  the  same  surface  temperature  and  radian. 

m  ensi  y.  It  differs  from  the  Pyrocore  in  its  burner  design.  J„  lhe 

t-Tot,  combustion  is  complete  before  the  ho,  gases  pass  through  the 

perforated  inconel  cylinder;  the  latter  then  acts  as  only  a  hea, 

exchanger  extracting  heat  from  the  hot  gases  and  radiating  ,t  out 

YthY r  In  the  PyrOCOre'  Comb“s,“"  occurs  at  the  external  surface 
o  the  fibrous  metallic  flame  Hoider.  The  Ho, -Tot  ,s  supplied  withouta 
reflector  as  it  ,s  designed  to  radiate  uniformly  into  space  The 

surface  area  of  the  Hot-Tot  burner  is  approximately  7  times  tha,  of 
the  Pyrocore. 


The  selection  of  heaters  for  experimental 
evaluation  was  based  or.  the  following  criteria: 


Geometry  of  the  source. 


Reflector  design  to  provide  the 
spatial  distribution  of  heat  flux 
specified. 


J  04 


Combustion  Chamber 


Guard 


Sc  reen 


Di  ffuse  r 


Mixing  Nozzle- 


Shroud 


3. 


Design  of  the  burner 


4.  Material  of  construction  of  the 
emitter. 

5.  Wind  resistant  construction. 

Of  the  fifteen  heaters  listed  in  Table  VIII  and 
the  Hot-Tot  heater,  five  were  selected  for  further  study  and  testing. 

The  Hupp  Inc.  surface  combustion,  area 
source  type  heater,  with  a  parabolic  reflector  was  selected.  It  has 
a  ceramic  emitter  surface  and  is  one  of  the  more  commonly  used 
commercial  units.  Also,  Hupp,  Inc.  has  run  a  number  of  tests 
measuring  the  radiant  flux  output  ol  their  heaters.  These  test 
results  would  provide  a  useful  comparison  of  the  heat  flux  density- 
measurements  made  as  part  of  this  program.  It  was  initially  planned 
to  also  test  a  similar  Van  Dorn  heater  with  an  inconel  burner  in  order 
to  study  the  effects  of  emitter  material  construction.  However,  as  it 
was  concluded  early  in  the  test  program  that  source  geometry,  burner 
design,  and  reflector  geometry  are  parameters  more  significant  than  the 
emissivity  of  the  heater  to  the  design  of  a  heater  for  this  program, 
the  Van  Dorn  heater  was  eliminated  in  preference  to  the  Foster -Miller 
heater. 

Testing  cf  electric  heaters  was  de -emphasized, 
since  the  extra  penalties  of  weight  and  inefficiency  inherent  to  on-site 
electric  power  generation  make  the  use  of  such  heaters  unattractive 
for  Arctic  application.  However,  the  Hi-Shear  Corporation's  spiral 
quartz  lamp  was  selected  for  testing  due  to  its  particular  design,  which 
simulates  a  high  temperature  area  source.  It  is  claimed  to  have  a 
high  wind  resistance  and  would  therefore  provide  a  good  relative  com¬ 
parison  with  other  heaters  having  an  exposed  flame. 
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A  straight  line  source  is  considered  unsuitable 
to  achieve  a  uniform  spatial  flux  distribution  over  a  circular  receiver 
area.  It  was  therefore  eliminated  from  further  consideration. 

Two  point  sources  were  chosen.  One  is  the 
Radiant  Systems  Pyrocore  which  is  a  light,  powerful  heater  that  is 
supposedly  windproof.  It  is  quite  different  from  any  other  heater  found 
in  the  survey  and  was  therefore  selected  for  further  study.  It  is 
sold  with  a  parabolic  reflector  but  could  be  used  with  a  variety  of 
reflectors.  The  other  burner  chosen  is  the  Selas  Duradiant  Burner. 

This  again  is  quite  different  in  shape  from  any  of  the  other  burners 
in  the  study.  One  proposed  use  of  the  burner  is  shown  in  Figure  40 
A  burner  is  mounted  with  its  radiating  surface  facing  the  reflector. 

This  type  of  mounting  is  estimated  to  best  direct  all  the  energy  radiated 
from  the  burner  to  the  target  area. 

The  Hupp  Hot -Tot  heater  was  also  selected  for 
further  evaluation,  being  a  larger  cylindrical  source  of  inconel  which 
could  be  used  for  comparison  with  the  Pyrocore  heater. 

Finally,  the  test  results  obtained  during  this 
program  showed  that  no  commercially  available  heater  design  could 
satisfy  the  spatial  flux  density  distribution  desired,  as  well  as  operate 
satisfactorily  under  the  wind  conditions  specified.  This  led  to  the 
development  of  the  Foster -Miller  heater  de  sign , described  in  Appendix  C 
which  consists  of  a  hemispherical  source  with  a  parabolic  reflector. 
Tests  were  also  conducted  on  this  heater. 
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o. 


Test  Program 


6.  1  Scope  of  Test  Program 

A  test  program  was  conducted  to  measure  the  performance 
of  the  various  heaters  selected  for  experimental  evaluation.  The 
principal  objective  of  this  program  is  to  measure  the  spatial  distribution 
of  radiant  flux  density  on  a  target  area  8  ft  in  diameter  and  located 
4  to  10  ft  away  from  the  source.  Tests  were  conducted  tinder  normal 
ambient  conditions  in  the  laboratory  (70  0  F  temperature)  and  with  a 
15  mph  wind  blowing  at  the  surface  of  the  heater  from  different 
directions.  No  tests  were  run  at  low  ambient  temperatures. 

Tests  were  conducted  on  the  following  heaters: 

1.  Government  Furnished  Gasoline  Heater 

2.  Pyrocore  Propane  Heater 

3.  Hupp  Propane  Heater 

4.  Hupp  Hot -Tot  Propane  Heater 

5.  Hi -Shear  Electric  Heater 

6.  Selas  Burner 

7.  Foster -Miller  Radiant  Heater 

The  following  sections  provide  a  description  of  the  instrumentation 
selected  for  this  study,  a  detailed  description  of  the  heaters,  the  test 
setup  and  procedures,  and  the  test  results. 
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6,  2  Instrumentation  for  Measuring  the  Performance  of  the 

Radiant  Heater 

a 

A  survey  was  conducted  of  available  instrumentation  to 
measure  the  spatial  distribution  of  the  radiant  heat  flux  intensity  output 
of  the  radiant  burner  and  of  the  radiant  heat  flux  incident  on  the 
receiver  area.  These  measurements  are  considered  essential  for 
the  experimental  evaluation  of  performance  of  the  radiant  heaters. 

From  the  various  measuring  techniques  investigated  a  radiation  pyro¬ 
meter  was  selected  to  determine  the  radiant  heater  output  and  a  radio¬ 
meter  to  measure  the  radiant  flux  density  distribution  at  the  target. 

The  radiation  pyrometer  measures  the  intensity  of 
radiation  emitted  from  a  small  spot  on  the  heater  (say  0.  25  inches 
in  diameter)  and,  based  on  the  emissivity  of  the  emitter,  produces 
a  signal  proportional  to  the  emitter  temperature.  To  get  a  true  value 
of  the  emitter  temperature  it  is  essential  to  know  the  emissivity  of 
the  emitter,  a  value  which  is  not  particularly  easy  to  measure. 

However,  when  using  the  radiation  pyrometer  to  measure  the  spatial 
distribution  of  the  radiant  intensity  of  the  source,  it  is  only  necessary 
to  obtain  the  equivalent  black  body  temperature  of  the  emitter.  This 
is  easily  achieved  by  setting  the  radiometer  emissivity  setting  to  1 
(i.  e.  a  black  body  emitter)  and  measuring  the  effective  black  body 
temperature. 


The  radiant  intensity, 


where 

I  is  the  radiant  intensity  or  flux  density 

c r  is  the  Stefan -Boltzmann  constant 

T^  is  the  measured  black  body  temperature 


(7) 
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If  the  surface  emissivity  is  €,  then  the  actual  surface 
temperature,  T  will  be  higher  and  equal  to, 

cL 


(8) 


Scanning  the  heater  source  area  with  the  radiation 
pyrometer,  a  spatial  distribution  of  the  source  black  body  temperature 
and  hence  the  radiant  heat  output  can  easily  be  obtained. 

The  radiometer  measures  the  intensity  of  radiation  falling 

2 

on  a  small  detector  area.  Its  output  is  directly  in  BTU/hr-ft  or 
radiant  flux  density.  It  can  be  used  to  measure  the  spatial  distribution 
of  flux  density  on  the  receiver  area. 

Table  IX  provides  a  summary  of  the  essential  character¬ 
istics  of  representative  pyrometers  made  by  various  manufacturers. 

The  Ircon  300  Series  radiation  pyrometer  has  the  wide  temperature 
range  necessary  for  the  test  program,  as  well  as  a  small  target  size, 
a  continuous  read  out,  and  emissivity  correction.  It  was  selected  for 
the  test  program. 

An  Eppley  thermopile  radiometer  with  a  Keithley  model 
155  Microvoltmeter  as  the  readout,  was  selected  as  the  most  suitable 
radiometer.  The  principle  of  operation  and  a  description  of  these 
instruments  is  provided  in  the  following  sections. 

6.  2.  1  Eppley  Thermopile  Radiometer 


The  basis  of  the  radiometer  is  a  thermopile 


which  consists  of  a  number  of  thermocouples  arranged  in  series. 
This  arrangement  has  the  advantage  of  providing  a  relatively  large 
output  signal  for  a  given  temperature  difference  between  the  hot 
and  cold  surfaces. 

Figure  41  is  a  sketch  of  the  Eppley  radiometer 
with  its  circular  thermopile.  The  thermopile  has  8  bismuth -silver 
junctions  with  a  lamp-black  coating  on  the  inner  hot  receiver  junc¬ 
tions.  The  outer  junctions  are  shielded  from  the  incoming  radiant 
energy  and  remain  at  the  ambient  temperature  of  the  case.  When 
the  radiometer  is  aimed  at  a  heater,  for  example,  the  infrared 
energy  causes  the  temperature  of  the  hot  junctions  to  rise  and  the 
resulting  EMF  is  a  function  of  the  differential  temperature  between 
the  hot  and  cold  junctions.  Supplied  with  the  radiometer  is  a  cali- 
bration  relating  millivolts  to  radiant  flux  density,  BTU/hr-ft'. 

The  Eppley  radiometer  consists  of  a  cylinder 
with  an  opening  in  the  front  face  and  a  thermopile  mounted  on  the 
back  face.  The  radiometer  has  a  water -jacketed  case  to  aid  in 
maintaining  a  constant  case  temperature  of  25°C.  The  water- 
jacketed  case  was  deemed  necessary  to  maintain  the  case  tempera¬ 
ture  constant  when  measuring  the  high  radiant  flux  density  existing 
close  to  the  heaters. 

Figure  42  shows  the  response  characteristics 
of  several  semiconductor  detectors.  Response  is  fairly  uniform  to 
all  photons  up  to  a  particular  wavelength.  Photons  beyond  this 
wavelength  will  not  have  sufficient  energy  to  liberate  electrons  to 
produce  a  signal.  It  can  also  be  seen  from  ^igure  42  that  a 
thermal  detector  such  as  the  thermopile  used  in  the  Eppley 
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^ctra^Respcnse  Characteristics  of  Several  Infrared  Detectors 


Radiometer  is  sensitive  to  all  wavelengths. 

6.  2.  2  Ircon  300  Series  Infrared  Radiation  Thermometer 

The  Ircon  Infrared  Radiation  Thermometer  is 
designed  to  measure  the  temperature  of  a  body  without  contacting  it. 

As  shown  in  Figure  43,  the  infrared  energy  from  a  hot  body  passes 
through  an  objective  lens  (B),  is  reflected  from  the  beam  splitter 
mirror  (C),  and  focused  on  the  infrared  sensor  (D).  The  infrared 
sensor  generates  an  electric  signal  proportional  to  this  radiant 
energy.  This  signal  is  amplified  at  (E),  to  drive  a  meter  (F), 
which  is  calibrated  directly  in  °F. 

Simultaneously  with  this  operation  the  visible 
light  from  the  object  is  transmitted  by  the  mirroi  (C),  focused  in 
the  plane  of  the  telescope  reticle  (G),  collimated  by  the  eye  lense 
(H),  and  viewed  by  the  operator  (I).  The  image  appears  with  a 
circular  pattern  superimposed  which  shows  the  exact  spot  on  the 
object  being  measured. 


6.  2.  3  Keithley  Model  155  Microvoltmeter 

The  Model  155  was  used  to  measure  the  volt¬ 
age  given  off  by  the  Eppley  Radiometer.  It  Is  a  battery-operated 
meter  with  ranges  from  1  microvolt  full  scale  to  1000  volts. 


Design  of  Test  Apparatus 


The  test  apparatus  was  designed  to  measure  the 
following  heater  performance  parameters: 


re  43  Schematic  of  the  Ircon  Model  300  Radiation  Pyrometer 
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(a)  the  spatial  distribution  of  the  radiant  flux  den- 
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sity  (BTU/hr-ft  )  falling  on  a  target  four  feet 
in  radius  and  located  4  to  10  from  the  heaters 
emitting  surface; 

(b)  the  temperature  distribution  of  the  emitting 
surface  (providing  an  estimate  of  the  total 
radiant  energy  output  of  the  heater); 

(c)  fuel  flow -rate  to  the  heater  (providing  a 
measure  of  the  energy  input  to  the  heater). 


Figure  44  shows  a  photograph  of  the  test  instrumentation. 


6.3.1  Radiant  Flux  Measurement 


The  radiant  flux  distribution  on  the  target  sur¬ 
face  was  measured  by  the  Eppley  thermopile  radiometer.  The  radio¬ 
meter  is  mounted  on  an  arm  driven  by  a  gear  reducer,  as  shown  in 
Figure  45.  The  mounting  is  designed  to  allow  the  radiometer  to 
pivot  on  its  mounting  plate  in  order  to  direct  its  field  of  view  at 
the  heater.  The  arm  is  capable  of  rotation  through  a  full  circle, 
and  the  radial  position  of  the  radiometer  is  adjustable  so  that  a 
complete  map  of  the  flux  distrihu.ion  on  the  target  area  can  be 
obtained. 


The  radiometer  is  water  -  jacketed  to  maintain 
a  constant  cold  junction  temperature  of  the  thermopile.  The  cooling 
water  temperature  is  maintained  at  approximately  75°F  j_  5°F  the 
calibration  temperature.  The  exposure  time  of  the  thermopile  to 
the  incident  radiation  is  limited  to  30  seconds  to  minimize  the 
effect  of  case  heating  and  re-radiation  of  energy  to  the  receiver. 
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6.  3.  2  Temperature  Measurement 


The  Ircon  radiation  pyrometer  was  used  to 
measure  the  temperature  distribution  of  the  heater's  radiating  surface. 
From  the  temperature  distribution,  the  total  flux  radiated  from  the 
heater  was  calculated. 

6.  3.  3  Fuel  Flow  Rate 


The  fuel  flow  rate  was  determined  and  checked 
by  the  use  of  in-line  flow  meters  for  liquid  and  gaseous  fuels  and  by 
measuring  the  weight  of  fuel  consumed  during  the  test.  Difficulties 
were  experienced  when  measuring  gasoline  fuel  flow,  because  of 
fuel  vaporization  forming  bubbles  and  causing  meter  fluctuations. 
Measurements  of  fuel  consumption  over  the  duration  of  the  test  were 
usually  sufficient  to  provide  an  accurate  and  reliable  indication  of 
fuel  flow  rate. 


6.  3.  4  Wind  Test 


A  15-mph  wind  condition  was  simulated  in  the 
laboratory  by  blowing  air  at  the  heaters  with  a  fan.  The  air  velocity 
was  measured  with  an  anemometer. 

6.  4  Experimental  Results 

The  results  of  performance  tests  conducted  on  the 
various  heaters  are  presented  in  this  section.  Also  provided  is  a 
short  description  of  the  heaters  tested. 


6.  4.  1  Government  Furnished  Gasoline  Heater 

A  photograph  of  the  GFP  Gasoline  Heater  is 
shown  in  Figure  46(a).  It  is  an  atmospheric  burner  using  a  Cercor 
element  as  the  flame  holder  with  a  preheater  to  vaporize  the  liquid 
gasoline  fuel.  The  fuel  is  fed  to  the  heater  at  a  pressure  of 
approximately  25  ps;  from  a  pressurized  fuel  tank.  The  fuel  is 
vaporized  by  passing  through  the  preheater  which  in  turn  receives 
heat  directly  from  the  main  Cercor  burner  surface.  The  pressurized 
fuel  vapor  in  expanding  through  the  nozzle  of  the  eductor  sucks  in 
the  required  amount  of  air.  The  fuel -air  mixture  passes  through  a 
plenum  chamber,  from  which  it  flows  through  the  Cercor  flame 
holder  burning  at  its  front  surface  as  shown  in  Figure  46(b).  The 
heat  released  by  combustion  heats  the  Cercor  as  well  as  the  metal 
wire -mesh  screen  adjoining  it.  Both  of  these  elements  act  as 
radiators  to  provide  the  necessary  radiant  energy. 

Two  GFP  heaters  were  tested.  Both  units  were 
difficult  to  light  under  the  stationary  ambient  conditions  of  the 
laboratory.  It  would  be  extremely  difficult  to  light  one  of  these 
under  the  specified  operating  conditions  of  -5U°F  and  20-mph  wind. 
Further  the  temperature  of  the  burner  surface  was  measured  to  be 
relatively  nonuniform  and  variable.  During  the  laboratory  test  pro¬ 
gram,  the  emitter  surface  temperature  could  not  be  increased  above 
a  black  body  surface  temperature  of  1350“F  without  the  fear  of  a 
flashback. 

A  series  cf  tests  was  conducted  on  these  heaters, 
with  and  without  a  number  of  different  reflectors.  These  rt  suits 
are  presented  in  the  subsequent  sections. 


Temperature  Distribution  of  the 
Emitter  Surface 


Figure  47  shows  the  temperature 
distribution  of  the  emitter  surface.  These  readings  represent  the 
effective  black  body  surface  temperature  as  measured  by  the  Ircon 
Radiation  Pyrometer  with  an  emissivity  setting  of  unity.  The  mean 
temperature  of  the  surface  is  approximately  1200  °F,  resulting  in 
a  total  heat  output  of  8,060  BTU/hr  from  the  heater  surface.  The 
mean  fuel  flow  was  measured  to  be  approximately  1  lb/hr,  corre¬ 
sponding  to  roughly  20,000  BTU/hr  input  and  a  fuel  efficiency  of 
appi  j-  ately  40  percent. 


Performance  of  Heater  Without 
Reflector 


The  radiant  flux  distribution  on  target 
areas  at  various  distances  from  the  gasoline  fired  radiant  heaters 
was  measured  using  the  Eppley  thermopile  radiometer.  These  tests 
were  run  at  a  gasoline  supply  pressure  of  25  to  30  psi  and  a  burner 
surface  black-body  temperature,  as  measured  by  the  Ircon  Radiation 
Pyrometer,  of  1260  “F.  This  temperature  is  measured  in  the  middle 
of  the  burner  face  just  above  the  preheater  tube.  The  burner  tem¬ 
perature  was  found  to  be  a  strong  function  of  gasoline  supply 
pressure  and  in  order  to  hold  the  temperature  constant  during  a 
test,  the  pressure  was  not  allowed  to  drop  below  25  psi.  Operation 
at  a  temperature  of  1260  T  produces  a  relatively  uniform  burner 
face  without  the  "overfire”  condition  that  makes  the  heater  unstable. 

The  heater  used  in  most  of  the 

tests  was  very  difficult  to  light  and  adjust.  The  mam  burner  valve 
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could  be  opened  only  1/2  to  3/4  of  a  turn  instead  of  the  2  1/2  turns 
called  for  in  the  instructions.  On  firing,  the  burner  required 
repeated  adjustments  to  obtain  a  uniform  burner  face  that  was  not 
too  hot.  However,  once  the  heater  was  properly  adjusted  and 
warmed  up,  it  would  run  well. 


The  heater  was  tested  at  a  black  body 

operating  temperature  of  1300°F.  Radiant  flux  density  distribution 

at  target  distances  of  4,  6,  8  and  10  ft  are  shown  in  Figures  48 

through  51.  These  show  that  at  4  ft  a  maximum  intensity  of 
2 

190  BTU/hr-ft  can  be  expected  from  this  heater.  This  drops  off 

2 

to  approximately  60  BTU/4ir-ft  at  the  outer  periphery  of  the  8  ft 

diameter  receiver.  At  a  target  distance  of  10  ft,  this  maximum 

flux  density  drops  off  to  only  26  BTU/hr-ft  .  This  is  almost  an 

2 

order  of  magnitude  smaller  than  the  200  BTU/hr-ft  considered 
necessary  for  heating. 

The  peculiar  nonuniform  distribution 
observed  with  these  heaters,  particularly  at  the  shorter  target 
distances,  is  due  to  the  shadowing  effect  of  the  fairly  large  pre¬ 
heater  which  is  located  in  the  4  o'  clock  position.  It  shields  about 
30  percent  of  the  1 -ft -diameter  Cercor  emitter  surface.  At  larger 
target  distances  its  effect  dies  out,  and  the  flux  density  distribution 
becomes  quite  uniform. 

6.  4.  1 .  3  Performance  of  Heater  with  Conical 
Reflectors 


Two  types  of  conical  reflectors  were 
designed  based  on  the  analysis  presented  in  Appendix  A;  a  short  and 
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44.  5 


a  long  reflector.  The  reflector  geometries  are  shown  schematically 
in  Figure  52.  These  were  fabricated  out  of  aluminum  reflector 
sheeting  manufactured  by  The  Aluminum  Corp.  of  America.  Figure 
53  shows  a  photograph  of  the  two  conical  reflectors.  Radiant  flux 
density  distributions  v/ere  measured  for  target  distances  ranging 
from  4  to  10  feet.  For  these  tests,  measurements  were  principally 
restricted  to  the  two  axes  in  the  first  quadrant.  Figure  54  shows 
these  distributions  at  4  and  10  ft  with  the  short  reflector,  and 
Figure  55  shows  similar  results  with  the  long  reflector. 

Figures  56  and  57  show  a  comparison 
of  the  flux  density  as  obtained  with  and  without  the  reflector,  on 
targets  at  a  distance  of  4  and  8  ft  respectively.  The  data  shown 
are  for  the  vertical  axis  starting  at  the  centerline  of  the  heater  and 
moving  up  in  1 -ft  increments.  These  results  show  an  increase  in 
flux  density  by  a  factor  of  2  for  the  short  and  1  for  the  long 
reflector  at  the  center  point  of  the  target.  However,  this  increase 
is  smaller  at  radial  distances  greater  than  2.  5  ft  from  the  center. 
This  is  probably  caused  by  shading  of  the  radiation  by  the  reflector 
and  is  more  severe  at  target  distances  close  to  the  heater. 

6.  4.  1.4  Multicellular  Conical  Reflector 

A  multicellular  conical  reflector  of 
the  type  shown  in  Figure  58  was  designed  and  tested.  This  reflector 
has  a  number  of  small  conical  reflectors  mounted  on  a  plate  whose 
rear  face  is  also  reflective.  It  was  designed  to  fit  inside  the 
casing  of  the  GFP  gasoline  heater,  so  as  to  cause  no  change  in  the 
overall  heater  diameter.  The  design  was  based  on  the  assumption 
that  each  cone  would  act  as  the  reflector  for  the  small  area  of 
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Figure  S4  Radiant  Flux  Density  Distribution,  BTU 
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Figure  56  Variation  in  Flux  Distribution  Caused  by  the  Addition  of 
Reflectors  to  the  Gasoline  Heater  -  Target  Distance,  4  feet 
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Figure  57  Variation  in  Flux  Distribution  Caused  by  the  Addition 
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source  directly  behind  it.  The  solid  part  of  the  reflector  plate  would 
reflect  the  radiation  falling  on  it  back  to  the  source,  thus  increasing 
the  source  temperature.  The  system  would  therefore  result  in  a 
number  of  small  high  temperature  area  sources,  each  with  its  own 
reflector. 

Tests  showed  that  the  temperature  of 
the  source  did  increase  by  approximately  200  0  F.  However,  the 
heater  could  not  be  operated  under  these  conditions  because  of 
flash  back.  The  concept  does  not  appear  to  be  suitable  for  the 
particular  design  of  the  gasoline  heater. 

6.  4.  1.  5  Effect  of  Wind  on  Heater  Performance 

Tests  were  conducted  to  demonstrate 
the  wind  resistance  of  the  gasoline  heater.  A  fan  was  used  to 
simulate  the  wind,  with  an  average  velocity  across  the  face  of  the 
heater  of  approximately  15  miles  per  hour.  The  fan  was  aimed  at 
the  heater  from  3  different  locations:  head-on,  at  a  45°  angle  to  the 
burner  face,  and  parallel  to  the  burner  face.  When  the  fan  was 
located  in  the  first  two  positions,  the  heater  would  not  operate. 

Flames  shot  out  from  the  burner,  and  the  radiant  surface  became 
dark. 

When  the  wind  was  directed  parallel 
to  the  face  of  the  burner,  a  different  phenomena  occurred  as  shown 
in  Figure  59.  Part  of  the  burner  was  dark  and  part  was  bright 
yellow,  indicating  an  overfire  condition.  It  is  doubtful  that  the 
burner  would  operate  in  this  mode  for  an  extended  period  of  time. 
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The  effect  of  wind  on  the  heater 
fitted  with  a  conical  reflector  was  most  severe.  The  conical 
reflector  acts  as  a  large  collector  directing  the  wind  onto  the  burner 
surface  and  causing  a  flame -out. 


A  fine  wire  mesh  screen  was  placed 
in  front  of  the  heater  to  act  as  a  wind  breaker.  The  screen  did 
permit  some  operation  with  the  wind  blowing  directly  at  the  burner, 
but  at  a  much  reduced  emitted  power,  so  as  to  make  it  unacceptable. 
It  appears  that  this  basic  type  of  burner  design  has  extremely  poor 
wind  resistance. 

6.  4.  2  Pyrocore  Propane  Heater 

The  Pyrocore  Propane  Heater  Model  RH-120 
shown  in  Figure  60  was  tested.  It  consists  of  a  cylindrical  source 
in  a  parabolic  reflector.  Propane  under  pressure  is  fed  to  the 
heater  through  an  eductor  where  it  mixes  with  air  to  form  the 
desired  fuel -air  mixture  as  shown  in  Figure  37.  The  mixture  passes 
through  a  flame  holder  consisting  of  a  fibrous  inconel  mat  and  burns 
on  its  outside  surface.  A  course  screen  surrounds  the  cylindrical 
flame  holder  and  acts  as  a  re -radiator  increasing  the  temperature  of 
the  source  and  its  radiant  output. 

Tests  were  made  with  a  propane  supply  pressure 
of  40  psi  giving  a  measured  input  of  12,500  BTU/hr.  The  emitter 
runs  at  a  mean  temperature  of  1540°F  which  is  substantially  higher 
than  the  1300°F  possible  with  the  GFP  gasoline  heaters.  Based  on 
a  source  area  of  43  sq.  inches  this  represents  a  fuel  efficiency  of 
65.  7  percent. 
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6.4.  2.  1 


Performance  of  Pyrocore  Heater 


Flux  density  distribution  at  target 

distances  of  4,  6,  8  and  10  ft  are  shown  in  Figures  61  through  64. 

Due  to  the  cylindrical  geometry  of  the  heater,  the  angular  distribution 
/f  radiation  was  extremely  uniform.  Consequently,  flux  measurements 
wore  limited  to  those  on  the  vertical  and  horizontal  axes  of  the  first 
quadrant.  These  tests  show  that  the  measured  perfo:  mance  of  this 
heater  is  comparable  with  that  of  the  GFP  gasoline  heater  without 
any  reflectors.  As  seen  from  Figure  60,  the  parabolic  reflector  is 
very  effective  in  increasing  the  virtual  size  of  the  radiating  surface. 
The  Pyrocore  was  very  easy  to  light  and  adjust. 

6.  4.  2.  2  Performance  of  Pyrocore  Heater 
with  Modified  Reflector  Designs 


In  an  attempt  to  improve  the  per¬ 
formance  of  the  heater,  several  different  reflector  combinations  were 
tested.  A  short  conical  reflector,  shown  in  Figure  65,  was  added  to 
focus  the  energy  emitted  by  the  end  of  the  source  that  is  normally 
lost  through  diffusion.  However,  as  can  be  seen  in  Figures  66  and 
67,  this  single  reflector  resulted  in  a  decrease  in  the  radiant  flux 
received  at  a  target  4'  and  8'  from  the  heater.  The  decrease  was 
due  to  radiation  hitting  the  back  side  of  the  cone  and  then  diffusing. 
This  problem  was  remedied  by  adding  the  outside  conical  reflector 
which,  in  effect,  increased  the  length  of  the  parabolic  reflector  and 
greatly  increased  the  radiant  flux  measured  at  the  center  of  the 
target. 


These  data  also  show  that,  the  addition 
of  the  conical  reflector  by  itself  also  resulted  in  an  increase  in  the 
flux  density  at  the  target  centerline  by  almost  a  factor  of  2. 
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Figure  66  Comparison  of  the  Effect  of  Additional  Reflectors  on  the 


Performance  of  the  Pyrocore  Propane  Heaters 
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Figure  b7  Comparison  of  the  Effect  of  Additiona  1  Reflectors 
on  the  Performance  of  the  Pyrocore  Propane  Heaters 


6.4.  2.  3 


Effect  of  Wind  on  the  Performance 
of  the  Pyroco.re  Heater 


Possibly  because  of  its  high  supply 
pressure,  the  Pyrocore  was  the  most  effective  commercial  heater 
tested  in  a  windy  environment.  As  in  the  case  with  the  gasoline 
heater,  the  fan  was  placed  in  three  locations:  head-on,  at  a  45  c 
angle  to  the  burner,  and  blowing  across  the  burner.  For  all  three 
wind  directions  the  heater  would  operate  satisfactorily  with,  of  course, 
a  decrease  in  the  surface  temperature  of  the  emitter  and  a  con¬ 
sequent  decrease  in  the  total  energy  emitted.  Figure  68  shows  a 
photograph  of  the  heater  operating  under  a  head-on  wind  and  Figure 
69  shows  the  black  body  temperature  distribution  of  the  emitter 
surface  in  a  15  mph,  45°  wind.  The  temperature  has  decreased  to 
a  mean  of  950  "F  from  the  original  value  of  1540CF. 

The  radiant  flux  distribution  at  4  and 
8  feet  target  distances  is  compared  in  Figures  70  and  71  for  the 
heater  operating  with  .and  without  wind.  The  effect  of  a  cross-wind 
is  less  severe  than  that  of  a  head-on  wind.  The  radiant  flux  density 
is  approximately  30  percent  of  its  value  under  a  stationary  ambient. 

6.  4.  3  Hupp  Propane  Heater 

The  Hupp  Model  PJ2ALN  propane  heater 
manufactured  by  the  Infrared  Division,  Hupp,  Inc.  ,  Cleveland,  Ohio 
has  two  rectangular  burners  enclosed  in  a  parabolic  reflector.  The 
flame  holders  are  made  of  cellular  ceramic,  like  Cercor,  and  are 
each  5.25  x  7.25  inches  in  size.  There  is  an  inconel  reverberator 
screen  in  front  cf  the  ceramic.  Figure  72  shows  a  photograph  of 
this  heater  in  the  fired  coxdition. 


Figure  68  Pyrocore  Propane  Heater  with  a  15  mph  Wind 


Blowing  Directly  at  the  Heater 


figure  69  Temperature  Map  of  the  Emitter  Surface  of  the 


Pyrocore  Heater  in  a  Wind 
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Two  Rectangular  Burner* 


Figure  12  Hupp  Propane  Heater 


The  heater,  as  tested,  had  a  measured  fuel 
input  of  20,000  BTU/hr  at  a  gas  pressure  of  9.5  inches  of  water. 

This  is  a  little  lower  than  the  rated  25,000  BTU/hr  at  11  inches  of 
water.  However,  the  pressure  regulator  supplied  with  the  heater 
could  not  be  adjusted  to  provide  the  rated  11  inches  of  water. 

Figure  73(a)  shows  the  black  body  temperature 
distribution  of  the  two  rectangular  emitters  as  originally  supplied 
with  the  heater.  The  left  hand  burner  was  about  50  °  F  hotter  than 
the  right  hand  burner.  When  a  very  fine  wire  mesh  screen  (0.001" 
wire  diameter,  0.007"  spacing)  was  attached  to  the  reverberator  screen 
that  is  mounted  about  1/2  inch  off  the  ceramic  burner  face  in  order 
to  study  its  effect  as  a  wind  breaker,  the  temperature  of  the  right 
hand  burner  was  raised  and  that  of  the  left  hand  burner  lowered, 
making  the  temperature  distribution  quite  uniform,  as  shown  in 
Figure  73(b). 


6.  4.  3.  1  Performance  of  Hupp  Propane  Heater 

The  radiant  flux  density  distribution 
at  target  distances  of  4,  6,  8  and  10  ft  is  shown  in  Figures  74 
through  77.  These  results  compare  very  well  with  the  flux  densities 
reported  by  Hupp.  Due  to  the  rectangular  shape  of  the  heater  the 
flux  density  on  the  horizontal  axis  is  higher  than  on  the  vertical  axis. 
The  radiant  flux  density  at  the  target  is  almost  twice  that  obtainable 
from  the  gasoline  heater. 

6.  4.  3.  2  Effect  of  Wind 


The  heater  would  uu*  operate  with 
the  ind  blowing  on  it.  The  flame  would  blow  out.  The  fine  wire 
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-  Hup^  Propane  Heater  - 
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mesh  screen  was  not  effective  as  a  wind  breaker.  It  also  caused  a 
reduction  in  the  total  emitted  flux  under  a  stationary  ambient. 

6.  4.  4  Hupp  Hot-Tot  Heater 

The  Hupp  Hot -Tot  heater  is  a  large  high  capacity 
personnel  heater  designed  for  indoor  use.  It  does  nof  have  a 
reflector.  It  is  rated  at  a  fuel  input  of  86,000  BTU/br  which  is 
about  4  times  larger  than  any  other  heater  tested.  The  Hot-Tot 
has  a  cylindrical  source  with  the  same  general  shape  as  the  Pyrocore 
heater  and  operates  at  approximately  the  same  surface  temperature, 
1500°F  and  same  emitter  intensity.  The  surface  area  of  the  Hot -Tot 
burner  is  approximately  7  times  that  of  the  Pyrocore.  Since  it  does 
not  come  with  a  reflector,  suitable  reflectors  were  designed.  The 
heater  was  operated  horizontally  as  opposed  to  its  normal  upright 
position. 


6.  4.  4.  1  Performance  of  Hot -Tot  Heater  with 
Reflector 


Two  different  reflector  geometries 

were  tried.  The  first  series  of  tests  were  ran  using  the  long  conical 
reflector  of  Figure  52.  A  second  series  of  tests  was  conducted  with 
a  two -staged  conical  reflector  designed  to  approximate  a  parabolic 
reflector.  The  Hot-To  heater  with  these  two  reflectors  is  shown 
in  Figure  78.  Since  the  eater  performance  with  both  these  re¬ 
flectors  was  essentially  the  same,  only  that  with  the  long  conical 
reflector  is  presented  in  Figures  79  through  82.  The  heater  was 
operating  at  an  average  emitter  black  body  temperature  of  1500  c  F. 
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Hot-Tot  Heater  with  Long  Reflector 


By  comparing  these  results  with 
those  obtained  with  the  Pyrocore  heater,  as  shown  in  Figures  61 
through  64,  it  is  clear  that  this  system  is  not  as  effective.  The 
flux  density  at  the  target  did  not  increase  in  proportion  to  the  source 
area,  that  is  by  a  factor  of  7.  It  appears  that  a  longer  reflector  would 
be  required  for  better  focusing.  This  would  result  in  an  increase 
in  the  overall  volume  of  the  heater. 

6.  4.  4.  2  Effect  of  Wind 


Like  the  Pyrocore,  this  heater  re¬ 
mained  operational  with  a  1 5 -mph  wind,  though  with  a  reduced  radiant 
output.  Measurements  show  that  with  a  15 -mph  cross  wind,  the 
temperature  of  the  part  of  the  emitter  facing  the  wind  was  reduced 
to  770  CF  while  the  other  part  was  able  to  maintain  its  design  tem¬ 
perature  of  1500  °F.  Figure  83  shows  the  flux  density  distribution 
for  the  various  target  distances,  with  the  heater  operating  in  a  15 -mph 
cross  wind.  The  flux  density  is  reduced  by  approximately  50  percent 
from  that  obtained  in  still  air. 

6.  4.  5  Foster -Miller  Radiant  Heater  (FMA) 

A  special  Foster -Miller  (FMA)  radiant  heater 
was  designed  and  developed  for  this  program.  It  consists  of  a 
hemispherical  source  with  a  paraboloidal  reflector.  The  source  is 
designed  to  have  extremely  good  wind  resistance.  Though  such  a  design 
development  was  not  specified  within  the  scope  of  this  program  it 
was  undertaken  for  the  following  reasons: 

(l)  The  results  of  theoretical  analysis 

i 

summarized  in  Section  4  and  described  in  detail  in  Appendices  A 


Density  BTU/hr-ft 


and  B  demonstrated  that  an  optimum  design  of  a  hemispherical  source  - 
parabolidal  reflector  radiant  heater  could  provide  a  30  percent  increase 
in  radiant  flux  density  at  the  target,  over  that  possible  with  an 
optimum  design  of  a  circular  area  source -conical  reflector  radiant 
heater. 


(2)  No  commercially  available  radiant 
heaters  could  be  found  using  a  hemispherical  source. 

(3)  All  the  commercially  available  heaters 
tested  showed  extremely  poor  wind  resistance. 

\ 

\ 

\  6.  4.  5.  1  Description  of  the  Feeler -Miller 

Radiant  Heater 


The  Foster -Millei  (I'MA)  radiant 

heater  is  a  propane  fired  heater  which  offers  the  potential  of  being 
modified  for  use  on  liquid  gasoline.  It  is  shown  schematically  in 
Figure  84  and  consists  basically  of  three  parts,  namely, 

(1)  A  high  intensity  Turbo -Torch  burner. 

(2)  A  source  which  consists  of  a 
radiant  emitter  and  a  convective 
heat  exchanger  which  is  contiguous 
but  not  the  same  as  the  radiant 
surface. 

(3)  A  paraboloidal  reflector  with  an 
internal  reflector  cone. 
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source  and  the  burner. 


Figure  85  shows  a  photograph  of  the 


The  source  is  placed  at  the  focal 
point  of  the  paraboloidal  reflector.  The  primary  emitter  surface 
of  the  source  is  the  outer  cup  which  is  configured  so  as  to  radiate 
a  large  percentage  of  its  total  radiant  output  to  the  reflector  which 
focuses  the  radiation  on  the  target  area.  This  particular  configuration 
minimizes  the  diffusion  loss  due  to  direct  radiation  from  the  source. 
The  inner  cup  radiates  directly  into  space  and  its  radiation  is  not 
controlled  by  the  reflector.  Consequently,  it  is  desirable  to  design 
the  source  heat  exchanger  configuration  to  minimize  the  temperature 
of  the  inner  cup  and  maximize  the  temperature  and  hence  the  heat 
radiated  by  the  outer  cup. 


The  prototype  design  as  developed 
during  this  program  is  not  to  be  considered  to  be  optimum  for  any 
fixed  criteria,  but  rather,  it  is  an  attempt  to  illustrate  a  compact 
burner -heat -exchanger  that  is  suitable  for  a  roughly  Hemispherical 
source -paraboloidal  reflector  system.  Details  of  construction  of  the 
FMA  radiant  heater  are  presented  in  the  following  sections;  the 
theoretical  basis  for  the  design  is  developed  in  Appendix  C. 

(a)  Burner  Design 

The  burner  chosen  is  a  propane 

burning  "Turbo -Torch",  manufactured  by  the  Wirjrersheek  Corp.  , 
Lynn,  Mass.  This  burner  is  compact  for  its  nominal  heat  rate  of 
30,000  BTU,  and  has  a  relatively  high  pressure  jet  pump  in  order 
to  obtain  the  highest  flame  velocity  for  the  maximum  local  surface 


172 


Radiant  Source 


Outer  Cup 


Inner 

Cup 


Wingaersheek 
Turbo  Torch 
Burner 


Figure  35  Photograph  of  ths  Foster -Miller 
Hemispherical  Source  and  Wingaersheek  Turbo  Torch  Burner 
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heating  rate.  This  velocity  is  diffused  in  our  design  in  order  to 
recover  the  static  pressure  required  to  force  the  gases  through  the 
heat  exchange  matrix.  Figure  86  shows  a  schematic  of  the 
Wingaersheek  Turbo -Torch  burner. 

A  burner  designed  specially 

for  this  application  would  be  larger  and  would  use  a  jet  pump 
"trimmed"  to  develop  maximum  static  pressure  at  the  burner  exit. 

This  would  minimize  the  innefficiency  resulting  from  acceleration 
and  diffusion  of  the  burner  flame. 

(b)  Radiant  Source 

The  radiant  source  consists  of 

an  annular  hemispherical  cup  with  a  pin-f.nned  heat  exchanger  as  shown 
schematically  in  Figure  87.  The  hot  gases  pass  through  the  annulus 
at  a  high  velocity,  approximately  100  ft/sec,  heating  the  pins  by 
convection.  The  pins  conduct  the  heat  to  the  outer  surface  of  the 
emitter  for  radiation  out  to  the  environment.  In  the  present  design 
both  inner  and  outer  cups  act  as  emitters.  The  internal  flow  paths 
in  the  heat  exchanger  can  be  varied  to  vary  the  spatial  temperature 
distribution  of  the  emitter.  In  contrast  to  all  the  commercial  gas- 
fired  radiant  burners  tested,  where  the  exhaust  gas  temperature  is 
higher  than  the  emitter  temperature,  with  this  particular  heat  exchanger 
configuration  the  exhaust  gas  temperature  can  be  lower  than  the 
average  emitter  temperature,  thus  resulting  in  an  increased  fuel 
efficiency. 

The  heat  exchanger  design  is 
based  on  the  maximum  permissible  gas  velocity  in  order  to  provide 
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the  most  compact  size.  The  heat  exchange  surface  consists  of  small 
pins  spaced  one  or  two  diameters  apart,  staggered  and  roughly  normal 
to  the  gas  flow  and  the  radiant  surface.  The  heat  exchanger  was 
designed  to  have  a  mean  radiant  temperature  of  1540‘,F.  To  achieve 
this  mean  radiant  temperature  with  the  particular  burner  design 
selected,  it  was  necessary  to  design  the  heat  exchanger  to  have  a 
convective  surface  area  equal  to  1.5  times  the  radiant  surface  a.rea. 

For  the  hemispherical  design  shown  in  Figure  87,  this  was  achieved 
with  the  use  of  pins  0.06  inches  in  diameter,  protruding  0.16  inches 
into  the  gas  stream  and  spaced  45  per  square  inch. 

The  prototype  developed  had 
an  outer  cup  of  perforated  mild  steel  fitted  with  mild  steel  screws 
and  stainless  steel  nuts;  the  inner  cup  was  also  of  mild  steel.  The 
particular  choice  of  materials  and  method  of  construction  was 
dictated  by  the  need  to  demonstrate  rapidly  and  at  a  minimum  cost 
the  feasibility  of  the  concept  and  to  obtain  the  necessai  /  performance 
data.  These  items  would  have  to  be  given  careful  consideration  during 
the  recommended  further  development  program. 

This  particular  design  has  the  advantage 
of  being  able  to  vary  the  temperature  distribution  of  the  emitter 
surface  so  as  to  provide  an  optimum  match  with  the  reflector.  This 
would  be  possible  by  appropriately  varying  the  pin -fin  heat  exchanger 
effectiveness,  namely,  the  pin  diameter,  protrusion  length  and 
spacing,  and  the  gas  velocity.  The  gas  velocity  can  be  adjusted 
by  varying  the  cross-sectional  flow  area  with  a  suitable  inner  cup 
design.  With  the  prototype  unit  developed  a  limited  variation  in  the 
flow  area  was  possible  by  moving  the  inner  cup  in  or  out  relative 
to  the  outer  cup. 
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(c)  Reflector  Design 


A  paraboloidal  reflector  having 

a  focal  length  of  5"  and  a  maximum  diameter  of  20"  was  utilized. 

The  effectiveness  of  the  reflector  system  was  increased  by  the 
addition  of  an  inner  cone  to  direct  the  radiation  from  those  areas 
near  the  axis  of  the  source,  outwards  and  minimize  internal 
reflections. 


(d)  Design  for  Wind  Resistance 

The  radiant  source  and  burner 

design  of  the  Foster -Miller  radiant  heater  is  inherently  capable  of 
continuous  operation  in  a  windy  environment.  The  likelihood  of 
flame -outs  is  negligible.  Combustion  is  essentially  complete  in  the 
flame  zone  of  the  Turbo -Torch  burner  before  the  hot  gases  enter  the 
heat  exchanger  section  of  the  source.  The  outlet  velocity  of  the  hot 
gases  emerging  through  the  annulus  between  the  outer  and  inner  cups 
is  designed  to  be  high,  approximately  100  ft/sec.  At  these  velocities, 
even  a  20  mph  head-on  wind  would  have  little  effect  on  the  flow  of  the 
hot  gases  through  the  heat  exchanger  and  the  combustion  in  the  burner. 
This  is  in  direct  contrast  to  most  of  the  commercially  available 
radiant  heater  designs  which  use  a  low  through  flow  velocity  through 
the  flame  holder  making  them  highly  susceptible  to  flame  outs  in  a 
windy  environment. 


6.  4.  5.  2  Performance  of  Fo ster -Miller 
Radiant  Heater 


A  photograph  of  the  FMA  radiant  heater 
in  operation  is  shown  in  Figure  88.  It  shows  the  effectiveness  of 
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the  reflector  in  increasing  the  virtual  size  of  the  source  as  well  as 
the  high  intensity  of  the  radiant  source. 

(1 )  Temperature  Distribution  of 
Emitter  Surface 

The  black  body  temperature 

distribution  of  the  inner  and  outer  cups  obtained  without  the  reflector 
in  place  is  shown  in  Figure  89.  The  outer  cup  had  a  mean 
temperature  of  approximately  1400  “F.  Since  the  design  was  not 
optimized,  the  surface  temperature  of  the  outer  periphery  was  low, 
only  1200  F.  This  could  be  increased  to  1400  °F  by  better  design. 
Further,  the  high  temperature  and  radiant  intensity  of  the  inner  cup 
is  ineffectively  utilized  in  the  present  design.  Subsequent  designs 
should  try  to  keep  this  temperature  as  low  as  possible. 

(2)  Flux  Density  Distribution  at 
the  Target 

The  performance  of  the  radiant 
heater  was  measured  at  a  fuel  input  rate  of  20,000  BTU/lir. 

Figure  90  shows  the  flux  density  distribution  at  target  distances  of 
4,  6,  8  and  10  ft.  Due  to  the  symmetrical  geometry  of  the  reflector 
and  the  source,  the  angular  distribution  of  the  flux  density  was 
extremely  uniform. 


The  flux  density  at  the  center 

of  the  target  is  extremely  high  and  comparable  to  that  obtained 
with  the  large  Hot-Tot  heater  operating  at  a  fuel  input  of  86,000 
BTU/hr.  The  flux  density  drops  off  very  rapidly  at  larger  target 
radii.  This  is  considered  to  be  a  limitation  of  the  particular  design 
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of  the  paraboloidal  reflector.  A  higher,  and  more  uniform  dis¬ 
tribution  could  be  obtained  with  a  different  paraboloidal  design  or 
even  a  hyperboloidal  reflector  design.  These  designs  could  not  be 
tested  during  the  course  of  this  program. 

(3)  Effect  of  Wind 


The  Foster -Miller  radiant  heater 

showed  extremely  good  performance  when  operating  with  a  15-mph 
head  wind.  The  measured  flux  density  distribution  at  target  distances 
of  6  and  10  ft  is  shown  in  Figure  91.  Also  shown  are  the  per¬ 
formance  curves  under  a  stationary  ambient.  The  net  reduction  in 
performance  is  a  maximum  of  30  percent  at  the  target  center  and 
becoming  less  at  the  larger  target  radii.  The  flux  density  under 
these  conditions  is  still  almost  comparable  to  the  maximum  obtainable 
with  the  GFP  gasoline  heater  fitted  with  the  long  conical  reflector 
and  operating  in  a  stationary  ambient. 

6.  4.  6  Selas  Burner 


The  Selas  burner  is  a  powered  burner  requiring 
pressurized  air  to  supply  the  burner  with  the  proper  fuel -air  mixture. 
In  this  manner  it  differs  from  the  other  burners  tested  vhich  use 
pressurized  fuel  supplies  to  anspirate  the  necessary  air. 

To  operate  the  burner,  air  is  supplied  to  the 
mixture  at  1  to  3  psi,  the  propane  is  reduced  in  pressure  from  7" 
water  column  to  close  to  zero  pressure,  and  the  fuel -air  mixture  is 
supplied  at  a  pressure  of  approximately  10"  water  column  to  the 
burner,  as  shown  in  Figure  92  Considerable  difficulty  was  ex¬ 
perienced  in  adjusting  the  air  and  fuel  flows  to  obtain  the  necessary 
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(n  wind) 


flow  rates  at  the  specified  fuel -air  mixture  ratio.  With  the  burner 
operating  at  the  optimum  setting,  the  black  body  temperature  of  the 
ceramic  has  been  measured  to  be  as  high  as  1900°F.  However,  due 
to  its  small  size  it  is  not  an  effective  radiator.  A  large  fraction  of 
the  total  energy  input  is  lost  in  the  exhaust  gases.  Preliminary 
attempts  to  extract  heat  from  the  exhaust  gases  using  various  types 
of  screens  in  front  of  the  burner  have  proven  to  be  unsatisfactory. 

In  view  of  the  complexity  of  operation  of  the  burner,  further  work 
with  this  burner  was  abandoned. 

6.  4.  7  Hi -Shear  Electric  Heater 

The  Hi -Shear  electric  quartz  tube  radiant  heater 

described  in  Section  5.  2  of  this  report  was  tested.  The  operating 

black  body  temperature  of  the  quartz  radiant  tube  was  measured  to 

be  approximately  1100°F.  The  maximum  flux  density  at  a  target 

2 

distance  of  4  ft  was  only  50  BTU/hr-ft  .  This  is  considered  too 
small  for  this  application  and  the  heater  was  eliminated  from  further 
testing. 

6.  5  Summary  of  Test  Results 

Test  results  for  the  heaters  evaluated  during  this 
program  are  summarized  in  Table  X.  This  table  includes  a  com¬ 
parison  of  the  heater  source  temperature,  the  total  radiant  energy- 
output,  the  fuel  efficiency  and  the  radiant  flux  density  at  target 
distances  of  4  and  8  feet  when  operating  in  both  stationary  and  windy 
environments.  The  salient  results  of  this  experimental  program  are 
discussed  here. 


(1 )  Source  Temperature  and  Fuel  Efficiency 


The  mean  source  temperature  and  fuel  efficiency 
are  direct  measures  of  the  effectiveness  of  the  burner  and  emitter 
design  of  the  radiant  heater.  In  general  it  is  desirable  to  have  a 
high  mean  source  temperature  together  with  a  high  fuel  efficiency. 

The  surface  combustion  heater  designs,  such 
as,  the  GFP  gasoline  heater  and  the  Hupp  propane  heater,  where 
the  flame  holder  is  both  the  heat  exchanger  and  the  emitter,  have 
a  poor  heat  exchange  effectiveness.  This  results  in  a  high  exhaust 
gas  temperature,  low  emitter  temperature  and  poor  fuel  efficiency. 
The  measured  fuel  efficiency  of  the  GFP  gasoline  heater  is  only  40 
percent  at  a  mean  source  temperature  of  1200°F.  Similar  values 
for  the  Hupp  propane  heater  are  50  percent  and  1360^. 

The  FMA  heater  and  the  Hupp  Hot -Tot  heater 
designs  have  separate  burner  and  heat  exchange  surfaces  thus 
resulting  in  higher  fuel  efficiencies  and  emitter  temperatures.  The 
FMA  heater  has  the  nighest  measured  efficiency  of  74.  5  percent  at 
a  mean  source  temperature  of  1400  "F.  The  Hupp  Hot -Tot  is  equally 
efficient  at  69  percent  at  a  source  temperature  of  1 500 c  F. 

The  Pyrocore  heater  is  a  good  design  of  a 
surface  combustion  type  burner  operating  at  a  fuel  efficiency  of 
65.7  percent  at  a  source  temperature  of  1 540  °  F.  It  has  the  highest 
source  temperature  of  all  the  heaters  tested. 

The  FMA  heater  design  has  not  been  optimized. 
An  improved  heat  exchanger  design  for  the  source  is  likely  to  result 
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in  a  source  having  a  mean  black  body  temperature  of  1600°F  with 
a  small  reduction  in  fuel  efficiency  but  a  50  percent  increase  in 
the  total  heat  flux  radiated. 

(2)  Heal  Flux  Density  at  the  Target  Surface  - 
Effect  of  Reflectors 


The  measured  flux  density  distribution  at  the 
target  surface  from  the  various  heater  source  and  reflector  con¬ 
figurations  is  seen  to  confirm  the  theoretical  predictions  of  their 
relative  performance.  For  comparable  fuel  inputs,  the  highest  flux 
density  is  obtained  with  the  hemispherical -source -paraboloidal -re  - 
flector  FMA  heater  and  the  lowest  with  the  area -source -conical  - 
reflector  GFP  gasoline  heater.  The  cylindrical  or  line  source  with 
a  paraboloidal  reflector,  such  as  the  Pyrocore  heater,  is  intermediate 
in  value. 


The  flux  density  distribution  over  the  target 
was  generally  nonuniform  for  all  heaters,  with  a  peak  along  the  axis 
and  a  minimum  at  the  outer  radius  of  the  target.  This  ratio  of 
maximum  to  minimum  flux  density  was  largest  at  target  distances 
close  to  the  heater,  such  as  4  feet.  At  the  larger  target  distances, 
such  as  8  feet,  the  flux  density  distribution  would  tend  to  be  more 
uniform.  The  addition  of  reflectors  to  direct  the  radiation  at  the 
target  would  generally  result  in  an  increase  in  both  the  mean  flux 
density  and  the  ratio  of  maximum  to  minimum  flux  density.  Thus 
suitable  trade-offs  must  be  made  to  optimally  match  source  and 
reflector  designs  in  order  to  achieve  both  maximum  uniformity  and 
mean  value  of  the  flux  density  distribution  at  the  target. 


The  target  heating  performance  of  the  GFP 

gasoline  heater  was  found  to  be  extremely  poor.  At  a  target 

2 

distance  of  4  feet,  a  peak  heat  flux  density  of  186  BTU/hr-ft  was 

measured  at  a  target  radius  of  1  foot  which  dropped  off  to  a  value 
2 

of  65  BTU/hr-ft  at  a  target  radius  of  4  feet  and  a  mean  value  of 

2 

135  BTU/hr-ft  .  As  the  original  heater  came  with  no  reflector  for 

foeusing  of  the  radiation,  the  flux  density  at  a  target  distance  of 

2 

8  feet  dropped  off  to  45  and  35  BTU/hr-ft  at  target  radii  of  1  and 

2 

4  feet  and  a  mean  value  of  40  BTU/hr-ft  .  This  heating  performance 
was  increased  substantially  when  the  GFP  heater  was  fitted  with 
conical  reflectors:  designed  .to  optimize  the  radiant  heat  flux  density 
at  the  target.  With  the  large  conical  reflector,  having  a  maximum 
diameter  of  24  inches  and  a  length  of  12  inches,  the  flux  density  at 
the  target  was  almost  twice  that  of  the  original  heater.  The  flux 

density  at  a  target  distance  of  8  feet  is  still  quite  low  having  a  mean 

2  2 
of  85  BTU/hr-ft  ,  compared  with  the  200  BTU/hr-ft  desired  from 

each  heater  unit.  It  is  unlikely  that  further  substantial  increases 
could  be  made  with  improved  reflector  designs.  The  source  tem¬ 
perature  is  also  limited  and  cannot  be  increased  with  the  present 
Cercor  flame  holder  design  due  to  the  danger  of  flash  backs. 

The  FMA  radiant  heater,  with  the  exception  of 

the  much  larger  Hot -Tot  heater,  gave  the  highest  flux  density  at 

the  target  area.  At  a  target  distance  of  4  feet  this  varied  from 

2 

560  to  50  BTU/hr-ft  over  target  radii  of  1  to  4  feet  with  a  mean 

2 

value  of  313  BTU/hr-ft  and  at  a  target  distance  of  8  feet  this 

2 

similarly  varied  from  195  to  58  BTU/hr-ft  with  a  mean  value  of 
2 

145  BTU/hr-ft  .  These  results  show  that  the  heater  performance 

2 

is  approaching  the  desired  value  of  200  BTU/hr-ft  .  The  radial  flux 
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density  distribution  as  obtained  from  this  source -reflector  combination 
is  highly  concentrated  along  the  axis  and  is  see»:  to  fall  off  very 
rapidly  at  the  larger  target  radii.  We  feel  that  the  radial  flux 
density  distribution  could  be  made  more  uniform  by  using  a  hyperboloidal 
reflector  instead  of  the  paraboloidal  one.  As  discussed  earlier,  it  is 
likely  that  with  an  improved  source  design,  the  source  temperature 
could  be  increased  to  1600°F  resulting  in  a  50  percent  increase  in 
the  flux  density  at  the  target.  With  both  these  modifications  m- 

2 

corporated  into  the  FMA  heater,  a  mean  flux  density  of  200  BTU/hr-ft 
at  a  target  distance  of  8  feet  appears  to  be  achievable. 

The  Pyrocore  propane  heater  had  the  best  per¬ 
formance  of  all  the  commercial  heaters  tested.  At  60  percent  of 
the  fuel  input  of  the  GFP  gasoline  heater,  it  provided  a  flux  density 
on  the  target  which  was  comparable  to  that  of  the  gasoline  heater. 

The  performance  of  the  original  Pyrocore  heater  was  substantially 
improved  with  the  addition  of  the  large  conical  reflector  so  as  to 
increase  the  overall  diameter  of  the  paraboloidal  reflector  and  a 
small  inner  cone  to  control  the  radiation  from  the  front  end  of  the 

cylindrical  source.  Thus,  mean  flux  densities  of  143  and  70 
2 

BTU/hr-ft  at  target  distances  of  4  and  8  feet  respectively  were  obtained. 
( 3 )  Heater  Performance  in  a  1 5  MPH  Wind 


The  GFP  gasoline  heater  and  the  Hupp  propane 
heater  would  not  operate  with  a  15  mph  head  on  wind  due  to  flame - 
outs.  This  is  a  characteristic  of  all  surface  combustion  burners. 
The  Pyrocore,  though  a  surface  combustion  burner,  has  good  wind 
resistance,  due  possibly  to  its  high  operating  gas  pressure.  It 
remained  operational  at  approximately  30  percent  of  its  original  flux 
density. 
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The  FMA  radiant  heater  has  extrem  ly  good 
wi„d  resistance.  There  was  no  danger  of  a  flame  out  with .m. 
heater  design.  The  heater  was  extremely  easy  to  ltg  . 
density  obtained  from  this  heater  when  operating  in  a  15  mph  he 
wind  was  about  70  percent  of  its  value  in  a  stationary  ambient. 

(4)  Conclusions 

To  summarize,  the  test  program  has  shown 
that  the  Foster -Miller  Radiant  heater  has  by  far  the  best  performance 
of  all  the  heaters  tested.  It  has  extremely  good  wind  resistance. 

It  offers  the  potential  for  the  development  of  a  compact,  rugge 
radiant  heater  to  meet  the  needs  of  personnel  working  in  an  Arctic 

environment. 
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7. 


Emitter  Materials  for  Radiant  Heater  Construction 


The  choice  of  an  emitter  material  is  based  on  the  following 
considerations : 

1.  .  Emissivity :  The  material  should  have  a  high 

emissivity  at  its  operating  temperature. 

2.  Resistance  to  Thermal  Degradation:  The 

material  should  be  capable  of  prolonged  periods 
of  operation  at  its  operating  temperature 
without  excessive  oxidation  and  spalling. 

3.  Resistance  to  Mechanical  Shock:  The  material 

should  be  capable  of  withstanding  normal  mechanical 
shock  during  handling  without  mechanical  failure 

or  cracking. 

4.  Thermal  Conductivity:  For  those  cases  where 

the  emitter  also  acts  as  the  flame  holder,  the 
material  should  have  a  poor  thermal  conductivity 
to  prevent  flashback. 

The  two  most  commonly  used  materials  for  the  emitter  surface 
are  a  glass -ceramic  material,  such  as  Cercor  manufactured  by 
Corning  Glass  Works,  Corning,  New  York,  and  inconel.  Both  of 
these  materials  have  practically  the  same  emissivities,  in  the  range 
of  0.65  to  0.78^’^  .  Further,  as  seen  from  Table  VI,  measured 
values  of  the  total  emissivities  (including  the  effect  of  gas  radiation) 
of  ceramic  and  inconel  surfaces  indicate  essentially  no  difference. 
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At  the  normal  temperature  of  operation  of  these  burners,  1500  to 
1800 8  F,  the  inconel  is  oxidized  and  thus  has  a  high  emissivity.  In 
general  all  metals  in  their  oxidized  state  and  other  refractory  type 

i  2 

metals  have  high  emissivities.  For  example,  high  emittar.ee  coatings 
developed  for  AISI-310  stainless  steel  include  iron -titanate  and 
calcium -titanate  which  are  capable  of  increasing  the  emissivity  to 
0.  89  while  remaining  well  bonded  to  the  substrate.  ^ 

Inconel  is  superior  to  the  ceramic  for  mechanical  shock 
resistance.  J.t  would  be  the  preferred  material  of  construction  for 
the  personnel  heater  under  evaluation.  The  ceramic  is  too  brittle 
and  fragile  to  withstand  the  rough  handling  normal  to  operation 
under  these  stringent  environmental  conditions. 

As  the  emissivity  of  the  emitter  materials  used  in  the  con¬ 
struction  of  the  radiant  heaters  tested  was  found  to  be  reasonably 
high,  the  search  for  materials  and  coatings  of  high  emissivity  was 
eliminated.  Instead,  efforts  to  optimize  source  and  reflector 
geometry  were  emphasized  during  the  course  of  this  program. 
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p. 


Special  Design  Requirements  for  a  Liquid-Fuel  Fired 
Radiant  Heater 


A  radiant  heater  developed  for  this  application  i9  required  to 
operate  on  liquid  fuels,  such  as  gasoline.  It  must  also  have  adeq  late 
controls  for  safety  during  operation.  Special  design  features  to 
satisfy  these  requirements  are  discussed  in  the  following  sections. 

8.  1  Burner  Design  for  Liquid  Fuel  Operation 

The  burner  of  a  liquid  fuel  fired  radiant  heater  should 
be  designed  to  have  the  following  characteristics: 

(a)  Burn  several  different  liquid  fuels. 

(b)  Require  no  external  power  for  air  or 
control  except  for  the  fuel  tank  pressure. 

(c)  Be  simple  to  operate  and  adjust  for  a 
particular  fuel. 

(d)  Have  inherent  or  automatic  safeguards 
against  flash  back  and  external  fire. 

These  requirements  are  most  effectively  satisfied  by 
a  burner  which  uses  the  burner  heat  to  prevaporize  the  fuel.  The 
fuel  vapor  provides  the  jet -pump  action  to  induce  the  air.  Thus, 
any  gas  burning  design  can  be  trimmed  to  operate  satisfactorily  with 
the  fuel. 
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The  fuel  vaporization  can  be  accomplished  by  leading 
the  fuel  tube  through  or  around  the  burner,  or  by  bleeding  a  small 
amount  of  combustion  gases  from  the  burner  to  a  separate  vaporizer 
section.  Temperature  of  the  vaporizer  can  then  be  maintained  with 
a  temperature  sensitive  transducer  to  regulate  the  hot  gas  bleed  flow. 

For  best  operation,  some  controls  for  regulation  of 
the  fuel  vaporization  heit  should  be  provided. 

Start-up  with  liquid  fuel  is  a  problem  which  could  be 
solved  by  either  one  of  the  following  two  methods  or  a  combination 
there  of: 


(a)  providing  an  open  wick  or  pool  of  volatile 
fuel  to  burn  underneath  and  heat  up  the  fuel 
vaporizing  tube; 

(b)  providing  a  separate  air -atomizing  pilot- 
burner  nozzle  in  the  main  burner  or  in  the 
fuel -vaporizer  region  that  will  ignite  and  burn 
long  enough  to  start  vaporization  for  -he 
main  burner  fuel  supply. 

The  start-up  or  pilot -flame  can  be  manually  controlled  and  shut  off, 
or  automatically  controlled  by  temperature  or  pressure  sensitive 
elements. 

8.  2  Safety  Controls  for  Liquid -Fuel  Operation 


Several  different  safety  controls  for  a  liquid -fuel -fired 


radiant  heater  are  possible  and  should  be  suitably  incorporated  into 
a  liquid -fuel  radiant  heater  design.  These  are: 


(a)  A  simple  quick  disconnect -shut-off  on  the  fuel 
tank  to  shut  off  fuel  flow  and  remove  the  tank 
in  case  of  a  fire,  thus  minimizing  the  explosion 
danger. 

(b)  A  control  to  shut-off  the  fuel  in  case  of  a  flame 
out.  Such  a  control  would  consist  of  a  temper¬ 
ature-sensing  element  in  the  burner  which  pro¬ 
vides  enough  force  and  displacement  to  operate 

a  shut-off  valve,  such  as,  a  bimetallic  spring  or 
a  liquid -filled  tube  and  bellows  similar  to 
common  thermostats.  This  safety  valve  could 
be  incorporated  into  a  subsystem  that  also 
controls  prevaporization  of  the  fuel  to  the  main 
burner. 

(c)  With  a  low  intensity  burner,  such  as  the  GFP 
gasoline  heater,  flash-back  of  the  flame  into 
the  considerable  volume  upstream  can  be 
hazardous.  An  automatic  over  temperature 
shut-off,  similar  to  the  flame -out  device,  is 
recommended.  With  a  high  intensity  burner, 
such  as  the  Wingaersheek  Turbotorch  used 
with  the  FMA  radiant  heater,  the  chance  of 
flash-back  upstream  of  the  flame  holder  is 

small  and  the  associated  explosion  hazard  negligibl 
due  to  the  small  enclosed  volume. 


9. 


Conclusions  and  Recommendations 


9. 1  Conclusions 


The  major  conclusion  from  the  studies  reported  in  the  pre¬ 
ceding  section  is  that  there  is  no  commercially  available  heater  capable 
of  operating  in  the  specified  Arctic  environment  of  -50°F  and  20  mph 
winds  and  supplying  the  necessary  heating  rate  to  keep  personnel  and 
equipment  warm.  The  GFP  gasoline  heater  is  totally  unsuitable  for  this 
application. 


With  a  limited  amount  of  design  effort,  a  novel  radiant 
heater  design  has  been  developed,  called  the  FMA  radiant  heater,  which 
has  the  best  performance  of  all  the  heaters  tested.  The  radiant  flux 
density  at  the  target  from  this  heater  configuration  was  found  to  approach 
the  minimum  considered  necessary  for  personnel  and  equipment  heating.  This 
design  offers  the  potential  of  being  developed  into  a  portable,  rugged, 
compact,  high  intensity,  high  efficiency  radiant  heater  for  Arctic  opera¬ 
tions. 


The  specific  major  conclusions  derived  from  this  study  are 
presented  as  follows: 

(1)  Calculations  indicate  that  a  flux  density  from  a 
heater  on  the  order  of  200  Btu/hr-ft  to  the  clothed  maintenance  personnel 
will  be  required  to  prevent  a  drop  in  body  temperature  when  working  at 
-50°F  even  when  exposure  to  wind  is  prevented  by  use  of  suitable  windbreaks 
Estimates  indicated  that  even  higher  flux  densities  will  be  required  on 
the  hands  and  tools  to  maintain  hand  temperature  at  55°F  or  greater. 
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(2)  This  heat  Input  can  best  be  achieved  by  use  of 

several  radiant  heaters.  For  example,  two  large  units  might  be  used  as 

large  area  heaters  to  cover  the  maintenance  personnel  and  help  maintain 

2 

body  temperature.  Each  should  provide  about  200  Btu/hr-ft  at  the  target 
area  from  about  8  feet  away  and  should  be  suitably  placed  to  equalize  cover¬ 
age  of  the  target.  Additional  smaller  heaters  might  operate  from  2  to  4 
feet  distance  from  the  target  to  help  maintain  higher  flux  levels  in  the 
immediate  working  area  of  the  hands. 

(3)  The  theoretical  radiant  heat  transfer  analysis 
developed  during  this  program  is  capable  of  predicting  the  radiant  flux 
density  distribution  at  the  target  from  various  heater  configurations, 
consisting  of  area,  cylindrical  and  hemispherical  sources  and  conical, 
paraboloidal,  and  hyperboloidal  reflectors.  The  correlation  between 
theoretical  predictions  and  experimental  measurements  of  flux  density  dis¬ 
tribution  at  the  target  is  extremely  good. 

(4)  A  hemispherical  source  with  a  paraboloidal  or  hyper¬ 
boloidal  reflector  is  considered  to  be  the  most  effective  configuration 
for  meeting  the  design  requirements.  It  is  capable  of  providing  a  50- 
percent  higher  flux  density  at  the  target  surface  than  possible  with  an 
optimum  disc  source,  conical  reflector  configuration  of  the  same  source 
area,  source  temperature  and  overall  reflector  size.  A  cylindrical  source 
with  a  paraboloidal  reflector  is  intermediate  in  performance  between  the 
above  two  configurations. 
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(5)  The  design  charts  developed  can  be  used  for 
the  preliminary  design  of  a  heater  configuration  to  provide  any 
specified  flux  density  requirement  at  the  target.  Though  the  charts 
have  been  developed  for  a  source  temperature  of  1500  °F,  designs 
for  other  source  temperatures  can  easily  be  obtained  by  suitable 
scaling  of  the  radiated  emissive  power  (iv  e.  scaling  by  the  fourth 
power  of  the  absolute  temperature). 

(6)  A  source  temperature  in  the  range  of  1400 CF 
to  1800  °F  is  considered  desirable  to  optimize  the  radiant  energy 
absorption  at  the  target. 

(7)  The  GFP  gasoline  heater  is  considered  unsuit¬ 
able  for  operation  in  the  specified  Arctic  environment.  It  is  ex¬ 
tremely  difficult  to  light  and  will  not  operate  with  a  head  wind  blowing 
on  it.  In  a  stationary  ambient  it  operates  at  a  mean  black  body 
emitter  temperature  of  1200  °  F.  Its  source  temperature  could  not 

be  increased  due  to  the  danger  of  a  flash  back.  The  heating  per¬ 
formance  of  the  original  gasoline  heater  was  extremely  poor  with 
a  mean  flux  density  of  40  BTU/hr-ft  at  a  target  distance  of  8  feet. 
This  can  be  improved  by  the  use  of  a  conical  reflector  having  a 

maximum  diameter  of  24  inches  and  a  length  of  12  inches,  to  85 

2  2 
BTU/hr-ft  ,  This  is  still  substantially  less  than  200  BTU/hr-ft 

required.  Substantial  increases  above  this  value  with  improved 

reflector  designs  do  not  appear  to  be  possible. 

(8)  The  Foster -Miller  radiant  heater  consisting  of 
a  high  .  itensity  Wingaershetk  Turbo  Torch  burner,  a  hemispherica] 
shaped  heat-exchanger  and  emitter,  and  a  paraboloidal  reflector 
showed  the  best  perform. mce  of  all  the  heaters  tested.  It  is  easy 
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to  light  and  operates  extremely  well  in  a  windy  environment.  The 

heater -source  configuration  design  is  one  where  a  high  mean  source 

temperature  can  be  achieved  with  a  relatively  high  fuel  efficiency. 

^he  heater  operated  at  a  mean  black  body  temperature  of  the  emitter 

of  1400  °F  and  a  fuel  efficiency  of  74.5  percent.  The  mean  flux 

2 

density  at  a  target  distance  of  8  feet  was  145  BTU/hr-ft  which  is  72 

2 

percent  of  the  200  BTU/lir-ft  required. 

(9)  The  Foster -Miller  radiant  heater  continued  to 

operate  in  a  15  mph  head-on  wild  with  a  mean  flux  density  at  8  feel 

2 

estimated  to  be  100  BTU/hr-ft  .  This  represents  a  30  percent 
reduction  in  its  radiant  power  output.  This  performance  was  found 
to  be  superior  to  any  of  the  other  heaters  tested  and  is  attributable 
to  the  special  design  features  of  the  hemispherical  source. 

(10)  The  source  configuration  and  the  reflector  design 

of  the  Foster -Miller  heater  have  not  been  optimized.  Improved  heat 

exchanger  design  of  the  source  could  result  in  an  increase  in  the 

mean  temperature  to  l600t’F  resulting  in  a  50  percent  increase  in 

2 

the  radiant  flux  radiated.  Thus,  a  value  of  210  BTU/hr-ft  for 
the  mean  flux  density  at.  an  8  feet  target  distance  could  be  obtained. 
An  improved  reflector,  such  as  a  hyperboloidal  design,  could  result 
in  a  more  uniform  flux  distribution  at  the  target  and  possibly  a 
higher  flux  density. 

(11)  The  burner  design  used  with  the  Foster -Miller 
heater  can  be  modified  to  liquid  fuel  design  with  the  addition  of  a 
prevaporization  section.  It  is  inherently  safe.  The  chance  of  a 
flash-back  upstream  of  the  flame  holder  leading  to  an  explosion  is 
negligibly  small. 
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(12)  The  most  commonly  used  materials  for  emitter 
construction  are  inconel  and  a  ceramic,  such  as,  Cercor.  Their 
emissivities  at  the  high  temperatures  of  1400  to  1600°F  are  com¬ 
parable.  Cercor,  being  fragile  and  brittle  is  likely  to  be  damaged 
by  mechanical  shock  due  to  rough  handling.  It  is  therefore,  not 
recommended  for  this  application.  Inconel  is  the  better  choice. 

The  FMA  radiant  heater  design  lends  itself  to  fabrication  with 
inconel. 

(13)  Radiant  System's  Pyrocore  heater  was  the 

best  of  all  the  commercially  available  heaters  tested.  It  has  a 

cylindrical  source  of  inconel  in  a  paraboloidal  reflector.  The  mean 

2 

flux  density  at  a  target  distance  of  8  feet  was  45  BTU/hr-ft  at  a 

source  temperature  of  1540°F  and  a  fuel  input  which  is  60  percent 

of  the  input  value  to  the  GFP  and  FMA  heaters.  The  mean  flux 

2 

density  at  the  target  was  increased  to  70  BTU/hr-ft  with  the 
addition  of  the  24  inch  (large)  conical  reflector  used  for  the  GFP 
heater  and  an  inner  conical  reflector.  The  heater  was  easy  to  light 
and  has  good  wind  resistance. 

9.  2  Recommendations 

The  preliminary  prototype  model  of  the  Foster - 
Miller  radiant  heater  has  clearly  demonstrated  its  superiority  over  all 
other  commercially  available  designs  for  the  specified  application 
of  heating  personnel  and  equipment  in  an  Arctic  environment.  It  is 
therefore  recommended  that  a  development  program  be  undertaken 
to  optimize  the  design  and  to  modify  it  for  liquid  fuel  operation. 

Such  a  development  program  would  have  as  its  specific  objectives; 
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.  '  ’  Optimization  of  the  burner  and  heat  exchanger 

to  increase  the  mean  source  temperature  to  ,  600  •  F  from  the  pre 

sently  achieved  1400-p.  This  would  result  m  an 

,.  u  result  m  an  increase  in  th^ 

radiant  intensity  of  the  source  by  50  percent  and  ,  • 

radi  inf  fi  ,  .  y  percent  and  result  in  a  mean 

radiant  flux  density  of  210  BTIlAr  f ^  . 

y  civ  BlU/hr-ft  at  a  target  distance  of  8  feet. 

(b)  Optimization  of  the  reflector  design  to  achieve 
a  more  uniform  radial  distribution  over  the  targe,  area,  such  as 
with  a  hyperboloidal  reflector.  ’ 

..  (C>  Detailed  design  of  the  hea,  exchanger  con- 

iguration,  including  selection  of  material  o,  construction,  mode  of 
construct, on  and  fabrication  io  minimize  weigh,  and  cos,. 

operation  b  ^  MOdmCati°n  °f  th'  »™r  des.gn  for  liqu.d-,„el 

fuel  ‘■'corpora., ng  a  prevaporiza  ion  section  for  the  liquid 


VW 


Optimi2ation  of  the  configuration  desig 
portability,  reliability  of  operation 

•  a  ...  ,  y  operation,  res  stance  to  shock  anc 

handling  ana  finally  good  wind  resistance 


for 

rough 


(f)  Design  for 
operation  in  the  specified  Arctic 


safety  ,md  controls 
environment. 


to  optimize 
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APPENDIX  A 


THEORETICAL  ANALYSIS  OF  THE  AXIAL  DISTRIBUTION  OF  THE 
RADIANT  HEAT  FLUX  DENSITY  FROM  VARIOUS  EMITTER 
AND  REFLECTOR  COMBINATIONS 

1.  Introduction 

The  analysis  of  this  Appendix  is  designed  to  calculate  the  axial 
distribution  of  th*-  radiant  heat  flux  density  as  a  function  of  target 
distance  from  th.  heater  source  for  various  emitter  and  reflector 
combinations.  The  different  radiation  emitter  configurations 
analyzed  include  point,  line,  and  area  sources.  These  sources 
were  coupled  with  reflector  shapes  such  as  cylindrical,  conical, 
parabolic  or  paraboloidal,  elliptic  or  ellipsoidal,  hyperbolic  or 
hyperboloidal.  These  results  are  further  utilized  to  calculate  and 
compare  the  relative  effectiveness  of  the  various  heater -source  - 
reflector  combinations.  The  radial  distribution  of  the  heat  flux  over 
the  target  area  is  analyzed  in  Appendix  B. 


General  Description  of  Radiant  Heat  Transfer 


The  thermal  energy  radiated  from  a  hot  body  is  given  by  the 
Stefan -Boltzman  Law  which  for  a  gray  body  is  written  as, 


e  =  e  «r  T4  (A  -1 ) 

where 

e 
€ 
tr 
T 


2 

=  emissive  power,  BTU/hr-ft 

=  emissivity  of  the  surface 

2  4 

=  Stefan -Boltzman  constant,  BTU/hr-ft  °R 
=  absolute  temperature  of  the  surface,  °R 
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A  typical  radiant  heat  transfer  situation  is  shown  in  Figure  A-l. 

The  net  rate  of  heat  transferred  from  the  source  to  the  receiver  is 
expressed  as 

Q  -  ’A,  36  r  <Ts4  -  Tr4)  <A’2> 


where 

Q  =  rate  of  heat  transfer  to  the  object  BTU/hr 

cr  =  radiation  constant 

Tg  and  are  the  absolute  temperatures  of  the  source  and 
the  receiver 


overall  view  factor  for  gray  surfaces 


(A -3) 


This  factor  ?  is  an  overall  factor  which  depends  on 
sr 

(a)  The  geometric  configuration  between  source  and  load 

(b)  The  reflecting  effect  of  walls  confining  the  process 

(c)  The  deviation  of  the  real  source  and  the  receiver 
from  black  bodies. 

The  term  Fsr  is  the  geometrical  view  factor  between  the  radiator 
and  the  receiver  when  the  surfaces  are  black.  These  values  have  been 
tabulated  in  the  literature  for  some  typical  configurations.  However, 
the  presence  of  reflectors  will  make  the  actual  intensity  higher  than 
the  calculated  intensity  using  these  factors. 
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Figure  A-l  Radiation  Heat  Transfer  Between  Source  and  Receiver 


For  a  black  body, 


FSr 


and  by  definition  of  the  view  factor,  I"1, 


(A -4) 


A  F  =  A  F 
s  sr  r  rs 


Then,  for  radiant  interchange  between  a  black  body  sourc 
receiver,  Equation  (A-3)  reduces  to 


e  and 


(A-5) 


Q 


**  (  A^  Frs  ^  (TS  "  Tr  )  (A-6) 

where  is  the  radiant  heat  intensity  at  the  receiver. 

An  evaluation  of  this  relationship  is  fairly  simple  except  for 
the  calculation  of  the  view  factor.  This  represents  the  major  effort 
in  the  solution  of  any  radiant  heat  transfer  problem  and  will  form  the 
basis  of  the  analyses  of  the  sections  to  follow.  The  effect  of  the 
inclusion  of  a  reflector  to  direct  the  radiant  energy  can  be  looked  upon 
as  a  change  in  the  view  factor  between  the  source  and  the  receiver. 

By  definition,  the  view  factor  between  an  element  dA  at  the 
receiver  and  the  source  A  is  given  by, 


Frs  ~  IT  f  Cos  Pr'  d 
A 


(A -7) 


where  p 


angle  between  the  radiation  direction  and  the  normal 
to  the  plane  of  the  receiver. 
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d  «r  =  solid  angle  the  source  subtends  at  the  element  d 
of  the  receiver. 

For  the  case  of  a  source  with  a  reflector,  this  relationship  has  to  be 
modified  to  include  the  radiant  energy  received  after  reflection  in 
addition  to  that  received  directly  from  the  source. 

Thus , 


F 

r  s 


Cos  B  d  u 
^  r  r 


(A -8) 


where  F  is  now  referred  to  as 
rs 


the  radiant  interchange  factor 


and  A  ' 
s 


A  +  A. 
s  1 


A. 

i 


image  of  the  source  area  as  seen  through  the  reflector. 


The  reflector  magnification  can  then  be  defined  as, 

T 

M  =  (A-9) 

rs 

3.  Direct  Radiation  from  a  Source  without  a  Reflector 


The  radiation  intensity  at  the  receiver  from  typical  source 
geometries  was  calculated.  This  formed  the  basis  for  evaluating  the 
relative  efficiencies  or  magnification  factors  of  various  reflectors. 

The  source  geometries  analyzed  were  chosen  to  represent  typical 
commercial  or  Government  heaters. 
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Plane  Area  Source 


3.  1 


Plane  area  sources  are  generally  of  two  types:  circular 
disci*  such  as  used  in  the  Government  furnished  gasoline  heater,  and 
rectangular  such  as  used  with  commercial  gas-fired  heaters. 

3.  1.  1  Circular  Disc  Source 


j 


The  view  factor.  F  between  the  receiver 

rs 


element  d  and  a  circular  source  of  radius  R,  shown  in  Figure  A -2 
is  given  in  Reference  1  *  as 


where 

x 

H 

and  H 
R 

r 


normal  distance  between  source  and  receiver 
radius  of  the  source 

offset  of  receiver  area  from  the  source  center 


(A-10) 


Along  the  axis  of  the  source,  r  =  0  and 


rs 


1  +  H2 


(A -11) 


Figure  A -2  shows  a  plot  of  the  view  factor  as  a  function  of  H  and  r  . 

7 - 

Numbers  refer  to  literature  cited  at  the  end  of  Appendix  A. 
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View  Factor 


0.  12 


0.  10 


0.  08 


0.061 


H/R--4 


0.  04  h  K/R  :  5 


H/R  =  6 


0.  02 


h/rTt- 


0.  00 


hr1 

Lr  n~i—  I 


-  A 


ha  -J 


H/R  =  8 
H/R  =  9 

H/R  =  10 

^  H/R  =  12 


Offset  from  Center,  r  =  r/R 

Figure  A -2 _ View  Factor  F^.  for  Direct  Radiation 

Between  an  Element  and  a  Circular  Disc 


0.  03 


0.  02 


0.  02 
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■4J 

rt  0.  01 

* 

V 

•H 

0.  01 


0.  05 


0.  00 


3.2 


Line  Source 


This  is  a  cylindrical  source  with  length  much  larger  than 

its  diameter  as  shown  in  Figure  A -4.  Using  this  co-ordinate  definition, 

the  view  factor  between  the  source  ar.t'  a  receiver  element  at  H,  y  ,  z 

r  r 

is  computed  to  be, 


Hd 


r  s 


2  T  s 


s  Sin  (b ,  s  Sin 
-  +  - - -  +  (bl  + 


’1 


(A- 


where 


=  <H2+y  2)‘/2 


S1 

=  In2 

+  y2  +  (*r+f)2! 

j  1/2 

s2 

(i 

X 

ro 

+  yr  ♦  <2r-  T>2! 

1  1/2 
> 

\ 

Sin 

i 

si 

<f  +  2r» 

Sin  02 

i 

s2 

(f  - 

3.  3 

Spherical 

or  Point  Source 

A  spherical  area  source  would  be  equivalent  to  a  point 
source  when  the  distance  between  the  source  and  the  receiver  is  much 
larger  than  the  diameter  of  the  source.  For  the  case  shown  in 
Figure  A -5  the  view  factor  is  given  by 
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v\\\V 


4 


— —  /  d  A  Cob  0,  •  d  to  , 
t r  ./  s  1  1 


(A  -1  5) 


where 


,„2  .  2  ,  2  1/2 

(H  +  yr  +  zr)  7 


projected  area  of  source 


3.  4  Comparison  of  Radiant  Heating  Performance  of  Different 
Source  Geometries 


For  the  purposes  of  comparison  of  the  performance  of 
various  heater  geometries  it  is  convenient  to  express  heater  performance 
in  terms  of  the  following  factors. 


Heat  transfer  efficiency,  tj  ^  defined  as 

I  -  Total  heat  flux  received  by  the  target 
T  Total  heat  flux  emitted  by  the  source 


Flux  density  ratio,  Rp^,  defined  as 

,  =  Heat  flux  received  per  unit  area  of  the  target 

‘FD  Heat  flux  emitted  per  unit  area  of  the  source 


3.  i  -  Radiant  flux  density  at  the  target  generated  by  a 
T  4 

source  of  unit  area,  iT,  BTU/hr-ft  . 


The  performance  comparison  is  based  on  the  following  assumptions: 


(1)  The  source  temperature  was  constant  and  uniform 

over  the  total  source  area  as  well  as  for  all 

different  source  types.  An  assumed  temperature 

of  1500°F  and  an  en  ssivity  01  1  results  in  an 

2 

emissive  power  of  25,000  BiU/hr-ft  , 

(2)  The  target  is  6  ft  in  diameter  and  10  ft  away 
from  the  source.  It  has  an  absorptivity  of  1. 

(3)  The  radiant  flux  densities  calculated  represent 
a  mean  over  the  target  area. 

Source  geometries  c.ssur  *ed  are: 

(1)  Circular  disc  area  source  1  ft  in  diameter 

(2)  Line  source  2  ft  long,  0.  1  ft  in  diameter 

(3)  Spherical  point  source,  0.  1  ft  in  diameter 

The  heat  transfer  efficiency  parameters,  q,p,  R^  and  i^.  for  these 
sources  are  tabulated  in  Table  A-l. 


The  results  show  that  the  larger  disc  source  is  more 
efficient  than  the  line  and  point  sources  alone  when  there  are  no 
reflectors.  The  effect  of  reflectors  on  the  performance  of  these 
sources  is  discussed  in  the  next  section. 


Radiation  from  a  Source  with  a  Specular  Reflector 


The  square  law  dispersion  of  radiation  from  the  source  results 


TABLE  A-I 


COMPARISON  OF  PERFORMANCE  OF  VARIOUS  SOURCE  GEOMETRIES 


Source 

tj  cp  Percent 

rfd 

iT  BTU/hr-ft4 

Disc 

9.45 

0.  25  x  10‘2 

-2 

83 

Line 

2.  83 

0.  063  x  10 

25.  2 

Point 

0.  57 

0.  25  x  10'4 

5.  05 

in  a  significant  reduction  in  the  radiant  intensity  at  the  receiver.  This 
intensity  decreases  as  the  receiver  moves  farther  away  from  the  source 
In  other  words  the  view  factor  for  the  net  interchange  of  heat  between 
the  receiver  and  the  source  decreases,  resulting  in  a  reduction  in  the 
net  radiant  heat  transfer.  One  common  way  to  increase  the  radiant 
intensity  at  the  receiver  is  to  direct  or  focus  the  radiation  from  the 
source  to  the  receiver  by  fitting  the  source  with  a  suitably  designed 
specular  reflector.  Subsequent  sections  of  this  Appendix  analyze  the 
design  and  performance  of  a  number  of  different  reflector  designs 
suitable  for  the  basic  source  geometries  considered  in  the  previous 
section. 

4.  1  Characteristics  of  Specular  Reflection 

With  specular  reflection,  the  directional  history  of  the 
incident  radiation  is  retained  on  reflection,  the  angle  of  incidence  of 
the  incident  ray  being  equal  to  the  angle  of  reflection  of  the  reflected 
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ray.  Consequently,  it  is  necessary  to  account  for  the  directional  paths 
of  radiant  energy  transfer  between  the  source,  the  reflector,  and  the  receiver. 

For  analytical  simplification,  the  reflector  is  idtalized  to 
be  a  perfect  reflector , having  a  reflectivity  equal  to  one  wh’ch  is 
independent  of  angle  of  incidence  and  the  wave  length  of  the  incident 
radiation.  Most  actual  reflectors  deviate  from  this  ideal  in  all  three 
respects;  their  reflectivity  is  generally  less  than  one  and  it  is  a 
function  of  the  angle  of  incidence  and  the  wave-length  of  the  radiation. 

As  a  further  simplification,  this  analysis  has  been 
restricted  to  calculating  the  radiant  intensity  distribution  along  the 
longitudinal  axis  joining  the  center  of  the  source  and  the  receiver.  In 
addition,  radiant  energy  transfer  to  the  receiver  by  multiple  reflections 
from  the  source -reflector  system  has  been  excluded  from  the  analysis. 

4.  2  Radiation  from  a  Disc  Source  with  a  Conico  Reflector 


4.  2.  1  Analytical  Formulation  of  Radiant  Interchange 

The  geometry  of  a  conical  reflector  for  the  circular 

disc  source  is  shown  schematically  in  Figure  A -6.  The  commonly 

used  optical  image  technique  is  utilized  to  calculate  the  radiation  intensity 

14 

at  a  target  point  along  the  axis.  The  reflected  image  of  the 

source  as  seen  through  the  reflector  from  the  target  point  is  shown 
in  Figure  A -6  and  is  seen  to  be  a  cone  with  a  cone  angle  equal  to 
twice  the  cone  angle  of  the  reflector.  Depending  on  the  location  of  the 
target  point  (or  the  separation  between  the  source  and  the  receiver) 
and  the  size  of  the  conical  reflector,  two  cases  are  possible:  one, 
where  the  source  image  completely  fills  the  reflector,  and  second,  where 
it  only  partially  fills  the  reflector.  Thi  condition  is  defined  analytically 
in  terms  of 
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Image  Cone 


ure  A-6  Definition  of  Nomenclature  for  Conical  Reflecto 


(A  -1 6) 


_  H  (1  +  h  Sin  a)  -  (H  -  h  Cos  a) 

(H  -  h  Cos  ce  )  Cos  2  a  -  (1  +  h  Sin  a  )  Sin  2  a 


_  _  Yi 

where  H  =  —  and  h  =  —  and  the  other  variables  have  been  defined 
K  K 

in  Figure  A -6.  Then  p  >  2  is  the  condition  for  a  full  image  and 
p  <  2  for  a  partial  image. 


The  radiant  interchange  for  these  'wo  cases  is  discussed 
separately  in  the  following  sections. 


4.  2. 1.1  Radiant  Interchange  for  Full  Image 
Conditions 


The  emissive  power  of  the  reflected 
source  image  is  assumed  to  be  uniform  over  the  image  cone.  Then, 
the  radiation  received  at  the  target  by  reflection  is  given  by  \  as 


er  | - - LL±i.  - ‘ - j  (A -17) 

(  (1  +  2  Cos  2a  )Z  +  (H  +  2  Sin  2  a)2  1  +  H  2 


where 


arerage  emissive  power  of  the  image 


radiation  intensity  at  the  target  due  to 
reflected  radiation 


The  radiation  received  by  the  target  directly  from  the  source  is  given 
by. 1 
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1 


(A -18) 


I  =  e  (-  1  ?) 

rS  8  1+H2 


wher  i 


emissive  pow.  r  of  the  source. 


Then  the  total  radiation  received  by  the  target  is  given  by 


I 

r 


I  .  +  I 
ri  r  s 


where 

\ 


1  +  H 


"ZT  0  -  V)  + 


y  (1+2  Cos  2a/ 


(1  +2  Cos  2a)2  +  (H  +  2  Sin  2a)2 


the  ratio  of  the  emissive  power  of  the 
image  to  that  of  the  source. 


The  magnification  factor  M,  for  the  reflector, which  is 
defined  as  the  ratio  of  the  radiant  tlux  density  at  the  target  with  a 
reflector  to  that  without  one  is  given  as 


M  --  (1-v)  +  v  (1  t  Z  Cos  2  <.)Z_(]  +  H2) _ 

(1+2  Cos  2  a)2  +(H  +  2  Sin  2  a)2 

For  the  case  where  H  »  1,  this  simplifies  to 

M  s  (1  -  y  )  +  y  (1  +  2  Cos  2  a  )^ 

The  ratio  y  is  approximately  estimated  as  follows: 


(A  -19) 


(A  -20 ' 


(A -21) 
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A  ring  element  on  the  source  on  reflection  results  in  two 
image  rings  as  shown  schematically  in  Figure  A -7.  Since  the  image 
area  is  larger  than  the  source  area,  the  emissive  power  of  the  image 
has  to  be  lower  than  the  emissive  power  of  the  source,  in  the  ratio  of 
its  areas  in  order  to  maintain  the  total  heat  flux  the  same.  Then 
the  emissive  power  of  the  image  rings  are  given  by 


1  +  Y  Cos  2  a 


for  Y  <  1 


and 


r2 


Y  -  1 


1  +  Y  Cos  2  a 


for  Y  >  1 


where 


Y  =  -X- 

R 


y  =  R  +  r 


r  =  radius  of  source  ring 


Then  on  the  average, 


Y  = 


2 


/ 


d  Y  + 


/ 


r2 


d  Y 


1  4  Cos  2  a 
Cos^  2  a 


log 


1  +  C  o  b  2  a 


^ 1  +2  Cos  2  a 


(A -22) 


(A  -23) 
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The  value  of  y  as  given  by  Equation  (23)  is  substituted  in  Equations 
(A -19)  and  (A-21)  to  calculate  If  and  M. 

4.  2.  1.  2  Radiation  Interchange  for  Partial 
Image  Conditions 

The  analysis  of  the  previous  section 

is  repeated  but  with  the  image  partially  cut  off  as  shown  in  Figure  A -8. 

The  image  cone  length,  Iv,  can  be 
obtained  in  terms  of  the  retiector  lengta  h  and  target  distance  H  as 


h.  = 

l 


H  (1  +  h  Sin  a)  -  (H  -  h  Cos  ct) _ 

(H  -  h  Cos  a)  Cos  2  a  •  (1  +h  Sin  a)  Sin  2  a 


(A  -24) 


where 


H  =  R  ,  h  =  r  *  hi  R 


Then 


I  .  =  e 
ri  r 


(h.  Cos  2  a  +  1  / 


1 


(H  +  h.  Sin  2  a)1  +  (1  +  h.  Cos  2  a)Z  1  +  H2  j 


(A  -25) 


I  is  the  same  as  given  in  Equation  (A -18)  and 


r  s 


I  =  e 
r  s 


3  j  1  +  H2 


(i  -  y) 


Y  (1  +  h.  Cos  2  a) 


(1  +  h.  Cos  2  a)^  +  (H  +  h.  Sin  2  a )^  1 


(A  -26) 
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The  magnification  factor  M  for  H  »  1  reduces  to 


M  r  (1  -  v)  +  v  0  ;  h.  Cos  2  a)2 
The  ratio  y  is  similarly  calculated  to  be 


(A  -27 ) 

! 


V  = 


1 


Cos  2  a 


ir  (HSrrr4  <‘ +v:. c-  2  «>  - 1 


for  h  <  1 
i 


h.  Cos  2  a 

i 


\  /  ^i  .  /I  +  Cos  2  a  x  ,  (1  +  Cos  2  a) 

<—  -  *>  +  <—' 2~->  lo8  — ' - L 


</lT 


h.  Cos  2  a 
i 


forh.>l  (A -28) 


These  relationships  are  sufficient  to  calculate  1^  and  M. 

4.  2.  2  Optimum  Design  of  a  Conical  Reflector 

An  optimum  conical  reflector  will  be  designed  to 
provide  a  full  image  of  the  source  in  the  reflector  for  all  design 
target  distances.  This  will  maximize  the  radiant  flux  density  at  the 
target.  This  design  procedure  includes  setting  p  =  2  in  Equation 
(A-16)  to  solve  for  a  for  a  reflector  length  h  and  maximum  target 
distance  H.  This  equation  is  best  solved  graphically  as  shown  in 
Figure  A -9  where  th  optimum  cone  angle  is  given  by  the  intersection 
of  the  locii  of  h  and  H.  Values  obtained  for  typical  cases  are 
summarized  in  Table  A -II. 
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Radiant  Source  V  Target  Point 


Umum  Dimensions  fo 


TABLE  A -II 


OPTIMUM  CONE  ANGLE  FOR  CONICAL  REFLECTOR 


4.  2.  3  Parametric  Variation  of  Reflector  Performance 

The  parametric  variation  of  reflector  performance 
was  calculated  using  a  digital  computer  program.  The  effect  of  cone 
angle  and  reflector  length  on  the  axial  distribution  of  the  magnification 
factor  were  studied  and  the  results  shown  graphically  in  Figures  A -10 
and  A-ll.  The  results  show  that  with  the  use  of  an  optimum  conical 
reflector,  the  radiant  flux  intensity  can  be  approximately  doubled. 

The  cylindrical  reflector  shows  a  comparatively  poor  performance. 

4.  2.  4  Estimated  Performance  of  the  Government 
Furnished  Radiant  Heater  with  a  Conical 
Reflector 

The  radiant  flux  intensity  from  the  Government 
furnished  radiant  heater  was  calculated  for  a  variety  of  conical 
reflector  designs.  The  results  are  shown  in  Figure  A- 12  for  the 


Length  of  Reflector,  h  =  2 
Design  Distance 


=  22,  5° 


Dimensionless  Distance,  H 


14 


Magnification  Factor 


Conical  Angle  is  based  on  design 
length  Hf  =  10 


Effect  of  Reflector  Length  on  Reflector  Performance 


Figure  A  -1 1 


! ViflmiQM  r»n  ml 


specified  conditions.  Table  A -III  shows  a  comparison  between 
theoretically  predicted  and  experimentally  measured  values.  The 
correlation  is  seen  to  be  fairly  good. 

4.  2.  5  Heat  Transfer  Efficiency 

The  flux  density  ratios,  Rpj-j  °£  the  heat  flux 
from  a  unit  area  source  to  a  target  of  unit  area  is  given  by 


RFn  -  ( — ~rr)  m  (a -?.8) 

FD  1  +  Hz 

where  M  is  the  average  magnification  factor  over  the  design  target 
area. 


To  determine  the  average  magnification  factor 
it  is  necessary  to  take  into  consideration  the  radial  distribution  of  the 
flux  density  over  the  receiver  area.  As  a  first  approximation  the 
s  urce -reflector  system  is  assumed  to  be  replaced  by  an  equivalent 
source  of  area  equal  to  the  projected  area  of  the  conical  image  and 
located  at  the  plane  of  the  source.  The  radial  distribution  can  then 
be  obtained  from  Figure  A -2,  .and  a  correction  factor,  f,  calculated 
such  that 


M  =  M  f 
o 


where  M  is  the  magnification  factor  along  the  axis.  Then,  q  ^  as 
o 

defined  in  Section  3.  4  of  this  Appendix,  is  given  by 


q 


T 


A 

-  —  R 

'A  FD 
s 
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TABLE  A -HI 


COM  PARIS  ON  OF  THEORETICALLY  PREDICTED  AND 
EXPERIMENTALLY  MEASURED  VALUES  OF  THE  MAGNIFICATION  FACTOR 


Magnification  Factor 

Distance  From 

Source  (ft ) 

Reflector  * 

Used 

Theoretical 

Prediction 

Measured  Value 

4 

Short 

Reflector 

1.  6 

1. 475 

Long 

Reflector 

2.  1 

2.  0 

8 

Short 

Reflector 

1.  6 

1.  66 

Long 

Reflector 

2.  1 

2.  5 

* 

Refer  to  Figure  52  for  size  and  geometry  of  the  reflectors. 
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where  A  is  the  area  of  the  receiver, 
r 

Numerical  Calculations: 


For  the  design  having,  h  =0.5  ft,  a  -  35°,  H  =  10  ft, 

R,  =  3  ft  and  T  =  1500°F,  calculations  show  that  M  =1.6, 
t  s’  °  4 

f  =  0.93,  Rpj}  =  0.0038,  r)  -  13.8  percent;  and  i^,  =  116  BTU/hr-ft  . 

For  the  design  having,  h  -  i  ft,  a  =  30°,  H  =  10  ft,  =  3  ft, 
1500  °F  calculation  show  that  M  =  2.  i,  f  =  1.0,  R-^r.  =  0.0055 
19.7  percent  and  i^  =166  BTU/hr-ft  . 

4.  3  Radiation  from  a  Circular  Disc  Source  with  an 
Ellipsoidal  Spec^ilar  Reflectoi 

An  ellipsoidal  reflector  is  capable  of  focusing  the  energy 
radiated  from  a  point  source  located  at  one  focal  point  to  a  target 
point  located  at  the  second  focal  point  as  shown  in  Figure  A  - 1  3.  This 
type  of  a  system  is  often  used  in  solar  energy  simulators  to  obtain 
extremely  high  intensity  beams  for  heating  of  small  localized  areas. 
However,  for  a  finite  area  source  the  radiant  energy,  instead  of  being 
sharply  focused,  is  distributed  over  a  larger  area  and  could  possibly 
represent  a  method  of  heating  the  specified  receiver  area. 

4.  3.  1  Geometry  of  Ellipsoidal  Reflector 

The  shape  of  the  ellipsoidal  reflector  illustrated 
in  Figure  A-13  designed  to  enclose  the  disc  source  at  one  focal  point 
with  the  receiver  located  at  the  other  focal  point  is  given  by, 


237 


where 


a  is  the  major  radius 

°  is  the  minor  radius 

is  the  distance  between  the  focii 

Then  from  geometry, 


R  = 


and 


Solving  for  a  and  b  gives 


(A  -30) 


2 


1  + 


/  Hf  2 
/]  +  ( 


«-  J 

Substituting  Equation  (A-31)  into  (A-30)  yields 


(A  -3 1 ) 


H 


f  \2 


4  -  -T-) 


(]  +  \A  +  H  2 


r  2 


+ 


G2  +  72)  -- 


+  A  +  H  2 


where 


*  =  R  :  y  5  -R;  *  1  -f  i  H.  =  i 


At  the  plane  z  =  0,  this  equation  reduces 


to 


v2  =  iLUV"f  >  4  (x-4h/  ) 


(A  -32 ) 


V  Figure  A-H  shows  the  shap,  of  the  eUipsoida!  reflector  for 

.ous  values  of  Hf.  For  a  typical  target  distance  of  H  .  10  to  20 

r:  :tt  design  umitati™  -  *h*  «««*■»  off 

i.  c Toid  13  not  much  dif£— *  *h“ ^ 

quentiy  results  may  be  expected  to  be  similar. 

4'  X  2  ~ ly“Cal  Fnrmiilatirm_of_  Radiant  Interchange 

image  technique  described  TsZLnTz  T"t  th^T  ^ 
discussed  in  that  section  full  im-  a  *S  Ppend“-  As 

P^sible  depend, ng  on  the'  locationTf  Z  ZZlTZ^T 
second  focal  poirt  Ac  „  f  relative  to  tne 

P  S  seen  from  Figure  A-1S  full 

occur  for  all  H  >  R  a  ^  lmage  conditions 

T1  ~  Hf  Partial  ^age  conditions  for  all  H  <  H 

7G  arC  dlSCUSSed  separately  in  the  following  sections  The  f 
analyses  is  similar  to  that  of  Section  4.  2.  1.  1  6 


4.  3.  2. 


by  reflection  is  given  by 


The  radiation  received  at  the 


target 


where 


I  . 
ri 


( 


-  2 

yn 


iy°2  +  (H  -  */ 


1 


(1  -  H2)  j 


(A -34) 


ri 


radiation  intensity  at  the  target  due  to 
reflected  radiation 
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average  emissive  power  of  the  image 


xo  =  xo/R;  yo  =  yo/R  and  H  =  H/R 

The  radiation  received  by  the  target  directly  from  the  source  is 
given  by  Equation  (A -18)  as 


I 

r 


s 


( — ~r) 

1  +  H 


and 


I  .  +  I 
ri  rs 


-  e 


1  +H2 


(1  -  Y)  +  — 


-  2 
Y  yo 


y  t  (H  -  x 
o  o 


>2  1 


where 


Y 


e 

r 


c 

s 


An  approximate  value  of  y  is  calculated  by  approximating  the 
ellipsoid  as  a  cone  with  an  average  half  cone  angle  given  by 


where 

a 

a 

o 

a 


a 


2 


(a  +  a  ) 
o  x 

o 


average  half  cone  angle 
half  cone  angle  at  x  =  0 
half  cone  angle  at  x  =  x 


a  and  a  are  obtained  from 
o  x 

o 


h  Hf 

Tan  ax  =  (\)  {-f-  -  x)  1 

a  / 


(A  -37 ) 


Then  y  can  be  obtained  from  Equation  (A -23)  using  the  a  calculated 
from  Equation  (A-36). 


4.  3.  2.  2  Radiant  Intercl  .nge  for  Partial 
Image  Conditions 


define  the  effective  zone  as  given 
from  the  condition, 


For  the  partial  image  condition, 

by  x  <  x<x  ,  where  x  is  obtained 
1  e  o  e 


x 

( - roH  Tan  (p  +  2  a  )  =  1  (A -38) 

'  e  e  e 

where  the  nomenclature  is  defined  for  an  arbitrary  point  x,  y  in 
Figure  A-16. 

The  angle  a  is  obtained  from 

g 

Equation  (A -37)  and  |3  from 

e 

T«  e*  =  <A-3’> 

e  e 

Then,  the  total  radiant  intensity  at  the  target  due  to  the  reflected  and 
direct  components  is  derived  to  be 
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I 

r 


1  +  H2 


+  Y 


-  2 

ye 

\Z  +  (H  -  xe)2 


il 

I 


The  value  of  y  is  obtained  by  using 
an  equivalent  conical  reflector  with  a  half  cone  angle  equal  to  the 

average  over  x  =  xg.  The  relationship  is  similar  to  that  of  Equation 
A -28. 


(A -40) 


4.  3.  3  Sample  Designs 

The  theoretical  relationships  describing  the 
performance  of  the  ellipsoidal  reflector  are  complex.  A  digital 
computer  program  was  utilized  to  calculate  sample  designs.  The 
following  four  design  cases  were  evaluated. 


Design  Case 

Number 

~  - - - - - 

Local  Design  Distance, 

Hf 

Reflector 
Length,  x 

O 

1 

10 

1 

2 

10 

2 

3 

20 

1 

4 

20 

2 

Radius  of  source,  R  =  0.  5  ft 

Source  Temperature,  T  =  1500  °F 

s 

Room  Temperature,  T  =  20  c  F 

o 

Emisswe  power  of  source,  eg  =  25,  204  BTU/hr-ft2 


246 


The  results  of  the  computations  are  presented  in  Figures  A-17  and 
A-18. 


The  computed  performance  is  seen  to  be 
similar  to  that  obtained  with  a  conical  reflector.  The  magnificiation 
factor  is  sensitive  to  the  ellipsoidal  reflector  length  but  relatively 
insensitive  to  the  focal  distance.  The  ellipsoidal  reflector  is  less 
effective  when  the  receiver  is  located  close  to  the  heater.  A  conical 
reflector  is  therefore  recommended  over  an  ellipsoidal,  being  similar 
in  performance  and  less  expensive  to  fabricate. 

4.  4  Radiation  From  a  Cylindrical  or  Tubular  Source  with 
a  Parabolic  Reflector 

The  parabola  can  be  visualized  as  an  ellipse  whose  second 
focal  point  is  at  infinity.  Thus  radiation  emanating  from  a  point  (or 
small  diameter)  source  located  at  the  focal  point  emerges  as  a  parallel 
beam  of  radiation  after  reflection.  This  reflector  has  the  potential 
capability  of  providing  a  uniform  radiant  intensity  on  target  areas  located 
from  4  to  10  ft  away  from  the  source.  However,  for  such  a  case  the 
source  area  would  have  to  be  small  (i.  e.  a  high  intensity  source), 
and  the  diameter  of  the  parabola  be  as  large  as  the  target 
diameter,  which  is  impractical.  Dispersion  of  the  beam  due  to 
finite  area  effects  need  to  be  considered.  The  analysis  for  a  tubular 
source  is  discussed  in  this  section  and  that  for  a  point  source  in 
Section  4.  6  of  this  Appendix. 

4.  4.  1  Line  Source  with  Parabolic  Reflector 


Using  the  coordinate  system  shown  in  Figure 
A-19  a  parabolic  reflector  can  be  described  mathematically  as 
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Figure  A -18  Magnification  Factor  for  Ellipsoidal  Reflector  for  Disc  Source 


v/4  a  x 


(A-41 ) 


y  = 


where 

a  =  focal  length 

A  tubular  source  of  very  small  diameter  can  be 
considered  to  be  a  line  source  for  all  practical  purposes.  The 
reflected  beam  from  a  line  source  located  at  the  focal  point  of  the 
parabola  will  be  parallel  in  the  plane  normal  to  the  srurce  axis  but 
will  disperse  in  the  plane  of  the  source  axis  as  shown  in  Figure  A-J9. 


Now  the  heat  transfered  from  an  elemental  length 

a  z  of  the  source  located  at  z  =  z  to  an  elemental  receiver  area 

s 

d  A^  through  the  reflector  is  given  by 


e 

d  I  .  =  ( D  d  z ,  d  u  ,)  — —  Cos  (3. 

ri  1  ir  1 


(A -42) 


where 

D 

dz 

d  to  j 


e 

s 


Pi 


is  the  diameter  of  the  tubular  source 

is  the  elemental  length  of  the  source 

is  the  solid  angle  subtended  by  the  receiving  area 

d  A  located  at  x  ,  y  ,  z 
r  r  r  r 

is  the  emissive  power  of  the  source 

is  defined  in  Figure  A-19 


The  solid  angle,  do^,is  given  by 


d  A^  Cos 

d  wi  ‘  Sj  (sL  +  s2) 


(A  -43) 
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where 


Cos  p2  s  Cos  p_ 


(a  +  x)  + 


( 

J(h  -  x.r  +  ( 


lSl  (2S  ~  \) 

Sl  +  S2  ~ 


.  2  W/2 


Zs  '  2r)  0 


sj  ^  1/2 


(A  -44) 


S!  +  V  ) 


H  - 


/(H  -  x)  -r  (z  -  Z  )‘ 
s  r 


a  WHen  the  receiver  distance  H  is  much  larger 

than  the  size  of  the  reflector,  S  <  <r  S  *u  8 

,  ’  1<  <  b2  and  the  equations  can  be 

approximated  by 


sj  -  a  f  x 


and 


S2  r  -  x)2  +  (zs  -  zr)2 

j  d  A 


d  w,  = 

t  '  x  +  a  ' 


.  _ , _ I 

Uh  -  *)2  +  2  2() 


(A -45) 


The  total  heat  flux  from  the  entire  source  to  a  unit  rec 
d  Ar  Cos  P2  =  1  is 


eiving  area 


=  —  D  (ii-:  x-) 
tt  vx  +  a  ’ 


ri  ir 


/ 


-  _L_ 
2 


(H  -  x)  +  (2  -  z  ) 

s  r7 


(A -46) 


thus 


s  D 


ri  tt  x  +  a 


6 


(A  -47) 
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where  0  =  Tan'1  fl_  +  2  . 

T-?  _  v  ' 


H  - 


The  heat  transferred  due  to  dir< 
given  by 


+  Tan'1  (i— 11) 

H  -  x7 


ct  radiatxon  from  the 


source  is 


(A -48) 


I  = 
rs 


s  H  D 


Thus  the  total  radiation  heat 


T  \r  +  yr2 


transferred  to  the  r 


eceiver  is 


(A -49) 


*r  *  y-  D 


Jl 


and  the  magnification  factor  M  i 


x  +  a 


s  given  by 


H 


H2  +  y  2 

7  r 


(A  -50 


(H+y2)^ 

M  =  1  + - r  ;  ° 

H  (x  +  a) 


Tor  a  parallel  beam,  x  =  -  r 

4  a 


(A  -51 ) 


This  solution  is  valid  for  y  <  /TTT -  wv,  , _ 

radiant  intensity  drops  off  to  zero  r  V 


the 


Th 


e  view  factor, 


-  -  _D_ 

sr  '  -rr 


_ #  , 

/  \  T 

H 

(x  +  a) 

r  J 

(A  -52) 
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This  view  factor  distribution  is  calculated  as  a 
function  of  y^  and  for  the  numerical  case  specified  in  Figure  A -20. 
The  heat  flux  distribution  (which  follows  the  same  pattern  as  the  view 
factor)  along  the  yf  axis  drops  off  sharply.  This  could  be  improved 
by  eicher  using  a  larger  source  area  and  relying  on  dispersion  for  area 
coverage,  as  discussed  in  the  following  section,  or  wrapping  the 
sour ce -reflector  system  into  a  spiral  of  the  type  described  in 
Section  5.  2  of  this  report. 

4.  4.  2  Large  Diameter  Cylindrical  Source  with 
Parabolic  Reflector 


For  a  source  of  diameter  the  same  as  the  focal 
length  of  the  parabolic  reflector,  the  reflected  beam  is  no  longer 
parallel  but  disperses  to  provide  a  larger  area  coverage.  The  dis¬ 
persion  angle  is  shown  in  Figure  A-21  and  is  expressed  as 


Sm  0  =  ^  (A  -53) 

The  dispersion  angle  becomes  smaller  as  x 

increases.  Therefore,  the  minimum  dispersion  will  occur  when 

x  =  x  . 
o 


This  dispersion  angle  has  to  be  the  same  as  the 
dispersion  angle  of  the  target.  Thus, 


x  - 7T 

o  <  VH  +  R  _  _a 

r  R  r 

where  R  is  the  radius  of  the  receiver. 


(A  -54) 
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Tubular  Source  Parahnii 


nhf_.  ,  .  1116  radiant  heat  flux  including  dispersion  i 

obtained  from  Equation  A  -  47  as 


I  --  (— D.  /_r_.  , 

r  tt  x  +  a'  '  R  >  & 


The 


average  R^D  is  given  by 


R, 


Eh)  it  D  L  R 
For  large  values  of  L  and 


/  °  — 


d  . 

x+u  fJV 


x,  &  i"  independent  of  x,  hence, 


'ED  "  VrL  ^  Tan_1  (^f) 

The  heat  transfer  efficiency  t], 


-1 

2a 


is 


A  r 

n  _  =  R  . 1 

-  ED  A 

s 


=  T  R  rfd/as 


For  the  design  case  where 


D 


0.  1  ft,  L  =  2  ft;  H  =  10  ft  and  R  =  j 


ft: 


a  =  0.  1  ft;  y^  :  0.  284  ft-, 
RpD  *s  calculated  to  be  0.  392 
where  a  =  0.  1  ft;  y  r  0.  4  ft; 
0  -p  =  20.  8  percent. 


Xn  =  0.  2  ft; 

and  p  ,p  =  17.69  percent. 


x 

o 


0.  4  ft,  R  =  r. 
’  FD  L 


Similarly, 

and 


(A  -55) 


(A  -56) 


(A  -57) 


(A  -  58 ) 


257 


"l1/1  •'  * 


4.  5  Hyperbolic  Reflector  with  Tubular  Source 

4.  5.  1  Geometry  of  Hyperbolic  Reflectors 

Using  the  coordinate  system  of  Figure  A -22 
the  equation  for  the  hyperbola  is  written  as 


i* 


1 


This  can  also  be  expressed  in  terms  of  the  eccentricity 
length  c  as 


e  -  T 


l 


e  and  focal 


(A-bO) 


where 

e 


c 


a 


As  per  the  analysis  of  Section  4,  4,  the  source  dispersion  angle, 

9  for  a  finite  reflector  length  is  expressed  by 
s 


Tan  9 

s 


2  (■ 


e  -1 


-)  -  1  +  (-T-) 


(A-61) 


To  disperse  the  radiation  over  the  whole 
receiver  area  the  source  dispersion  angle  must  equal  the  receiver 
dispersion  angle  9  given  by, 
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Tan  9  =  -JL 

r  H 


where- 


R 


radius  of  receiver 


H  =  distance  of 


receiver  from  the  source 


A  solution  of  this  equality  results  in  the  following  relat.onsh.ps 


a  / 

[  z  (i  +  p)  y 


+  (~) 


vW+  <&2 


'  (1  -  ~) 


(A  -62) 


and 


H  -  c 
P  =  (— 2f  ) 


These  relationships  are  sufficient  to 
reflector. 


size  a  suitable  hyperbolic 


4’  5-  2  Analytical  Formulation  of  Radiant  Heat 
J_ransfer  for  a  Small  Source 


The  nomenclature  used  in  the  analysis  is  as 

defined  in  Figure  A -22. 


the  receiver  located  at 


The  radiant  heat  flux 

xr>  yr.  zr>  is  given 


received  by  a  unit  area  of 

by 
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3 


d  I  =  e  f  d  A  Cos  (3.  d  u. 
r  s  J  s  rl  1 

A 

s 


(A -63) 


For  Sj,  S^  «  S^,  the  solid  angle  dcjj  is  approximated  by 


dco,  S 


S.  S9  Cos  (3„  d  A 

1  c.  c.  r 


(A -64) 


where 


J 2~Z~2 

vx  +  y  +  z 
r  r  r 


L  i2  2)  1/72 
M  -  c)  +  y  > 


(A  -65) 


i  2  2  I1/2 

(2c  +  x  -  1)  +  y  ,  =«  2  t 


Substitution  of  Equation  (A -65)  into  Equation  (A- 63)  and  integrating  over  the 
source  area  Ag  yields. 


es  d  Ar  ^"S3  )  ^  S2  ^  * 


(A  -66 ) 


where 


<t>  -- 


Tan-1  (— - — )  +  Tan"1  (— - 


~) 


and  the  view  factor  F  becomes 

rs 


rs  Sj 


i-U D- 


( A  -67 ) 


The  heat  transfer  by  direct  radiation  is  negligibly  small. 
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'v-t 


ap^rf. 


The  flux  density  ratio  RpD  18  given  by 


R  -  1 

FD  '  T~L 


(A-68) 


Taking  into  account  symmetry  of  the  radiant  intensity  distribution  over 
the  receiver,  an  average  value  for  is  obtained 


R 


FD 


■  <vr> 


<#->  4- 

b3 


TT 


R 


J 

/ 


R 


(A -69 1 


The  equation  for  „T  is  difficult  to  integrate  explicity.  A  sufficiently 
accurate  approximation  is  obtamed  by  ,  linear  variation  for  S 
between  0  <  y  <  y  1 


As  an  example,  for  the  sample  design  case  of 
ft,  D  -  0.  1  ft,  f  *  0.  5  ft,  a  =  0.  4  ft,  and  c  =  0.  1,  ft  H  =  10  ft, 
R  =  3  ft  and  0  =  0.2,  calculations  show  that  R  =0.35  and 
’I  j  =  15.8  percent. 


4>  6  Spherical  Source  with  Parabolidal  Reflector 

Using  methods  similar  to  that  described  for  the  line 
source,  the  radiant  intensity  at  an  elemental  area  d  A  of  the 
receiver  due  to  the  source  is  given  by 


I 

r 


d  A 

r 


(A  -70 ) 
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where 


radius  of  the  source  and 


(x  +  A)‘ 


W +  \ 


The  average  RpD  is  calculated  on  the  assumption  that  the  radiant  heat 
flux  contained  in  the  parallel  beam  of  radius  is  uniformly  dis¬ 
tributed  over  the  receiver  of  radius,  R.  Thus, 


S' 

v->' 


R 


FD 


2  f  R 


/ 


y  dy 


<£->  +  1 


•tr  R 


x  /a 
o' 


+  1 


(A-71J 


Typical  Numerical  Cases: 


Case  1:  D  =  0.  1  ft;  a  -  0.  1  ft;  y^  -  0.  2 84  ft; 

x  -0.2  ft,  R  -  3  ft. 
o 


Calculated;  R  Fq  =  0.074  percent  and  "H  rj.  -  67  percent 


Case  2*. 


D  =  0.  1  ft;  a  =  0.  1  ft;  yQ  =0.4  ft;  xq  =0.4  ft; 
R  =  3  ft 


Calculated:  RFD  =  0.089  percent  and  0  T  =  80  percent. 
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4'  7  gehe'-ical  Source  with  Hyperboloids!  Reflect.,. 


source,  the  RpD  is  given  by 


Using  methods  similar  to  those  described 


for  the  line 


(■¥-) 


i 


FD  '  x  '  2 

4  t r  S, 


'l 


where  iS  giVen  by  Equation  (A  -  65) 


The  average  value  of  R  is 

FD 


(A  -72) 


FD 


=  <^-)2  ‘  J_  rR  yr  d  Vr 

*  4lr  R2  / 


(A  -73) 


For  the  design  case  specified 


as 


0.  4  ft,  b  =  0,  3  ft,  c  =  o,  1  ft,  xm=  0,  2  f, 
E  =  2  ft,  and  D  =  0.1  ft. 


o  -•-  **  yc  =  °-3  ft, 


The  R  FD  18  calculated  to  be  0 . 08  percent  and  r,  to 


T  be  72  percent. 
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APPENDIX  B 


SPATIAL  DISTRIBUTION  OF  RADIANT  FLUX  DENSITY  OVER 

THE  RECEIVER  AREA  -  THEORETICAL  ANALYSIS  AND 

COMPARISON  WITH  EXPERIMENTAL  DATA 
1.  Introduction 


The  analysis  of  the  previous  sections  has  been  devoted  to  in¬ 
vestigating  the  design  parameters  affecting  reflector  design  and  the 
variation  of  the  radiant  heat  flux  intensity  along  the  heater  axis.  Its 
utility  for  studying  the  relative  performance  of  various  source  geometries 
and  sizes  and  to  predict  the  radiant  flux  distribution  over  the  opecified 
receiver  area  is  limited.  Accordingly,  an  approximate  analysis  was 
developed  which  predicts  the  flux  distribution  as  obtained  from  these 
finite  area  sources.  The  results  of  this  analysis  were  compared  with 
actual  measurements  obtained  as  pax*t  of  the  experimental  program. 

The  good  correlation  obtained  established  the  reliability  of  the  predictive 
model.  Various  source -reflector  combinations  were  sized  to  meet 
the  specified  heating  requirements.  The  hemispherical  heater  source 
with  a  paraboloidal  reflector  was  found  to  be  the  optimum.  This  data 
w-xs  subsequently  utilized  in  the  prototype  design  and  testing  of  the 
hemispherical  heater  developed  during  this  program. 

This  Appendix  describes  the  analytical  development  of  the 
approximate  predictive  model. 

2.  Analysis 

Three  common  source  shapes  were  analyzed; 

(1)  Plane  circular  disc  source 
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(2)  Cylindrical  source  with  axis  directed  normal  to  the 
receiver  area. 

(3)  Hemispherical  source. 

The  analysis  was  based  on  the  following  assumed  conditions: 

(1)  The  radiating  surface  area  of  the  source  and  its  surface 
temperature  are  the  same  for  all  the  source  geometries 
so  that  they  all  emit  the  same  total  radiation. 

(2)  An  optimum  reflector  design  is  utilized,  as  discussed 

in  Appendix  A  f  so  that  the  image  of  the  source  as  seen 
from  any  point  on  the  receiver  area  fills  the  whole 
reflector. 

(3)  The  reflectors  are  designed  to  lie  within  a.r>  overall  size 
envelope  defined  by  RQL,  where  Rq  is  the  maximum  radius 
of  the  reflector  and  L  is  its  maximum  length  as  shown 

in  Figure  B-l. 

(4)  The  source  and  the  receiver  are  perfect  black  bodies 
and  the  reflectors  are  perfect  with  reflections  of  unity. 

Then  the  radii. tion  intensity  at  any  point,  A,  on  the  receiver  as 
shown  in  Figure  B-l  is  given  by, 


I 


R 


+  I  CJ 
r  r 


(B-l) 


where 

I 

o 


radiant  intensity  of  the  source 
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ft 


IT  (Ts4  '  To4)  BTU/hr-ft2-rad 


Ir  =  radiant  intensity  of  the  image  of  the  source. 


w  ^  -  sol'd  angle  for  direct  radiation  from  the  source  area. 


co  -  solid  angle  foi  radiation  from  reflected  image  area. 


Tg  -  black  body  temperature  of  the  source 


temperature  of  the  ambient 


The  solid  angles  are  obtained  as, 


tt  R  Cos  S 
s  K 


JU  o 

/ 1  s  v  2 
(1  -  -jj-)  n 


(B-2) 


with  s‘ 


(H2  +  y2) 

tr  (R  2  -  R.2) 
o  i  ' 


O  XJ 

2  s 

s  (*  •  IT' 


Cos  p 


(B-3) 


The  radiation  intensity  1^  of  the  image  has  to  be  such  that  the 
total  flux  radiated  from  the  image  is  equal  to  the  total  flux 
incident  on  it  from  the  source.  Thus  if  the  image  area  is  larger 
than  the  source  its  intensity  would  necessarily  be  reduced. 

The  image  area  is  a  function  of  both  the  meridional  and  longitudinal  curvatures 
of  the  reflector.  However  for  the  geometries  under  consideration  the 
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meridional  curvature  ie  very  small,  and  for  these  conditions  the  intensity 
of  the  image  can  be  approximated  as 

R 

!r  =  Ifl  (B-4) 

R 

e 

where  Rg  =  average  radius  of  the  source  area 


Rg  =  average  radius  of  effective  reflector  area 

'  k  (Ro  +  Ri> 

Combining  these  equations  results  in 


where  Cos  @ 

For  off-axis  points  on  the  receiver,  this  relationship  has  to  be 
corrected  to  allow  for  shading  of  the  image  area  by  the  reflector,  as 
shown  in  Figure  B-2.  P'or  y  >  R  ,  this  effect  causes  a  reduction  in 
the  flux  intensity  at  the  receiver. 

From  Figure  B-2,  the  reduction  in  maximum  radius  of  the 
image  due  to  shading  is  given  by 
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(B-6) 
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3. 


Numerical  Calculation  of  Radial  Flux  Density  Distributions  at  the 
Receiver  for  Various  Source  Geometries 


The  radial  flux  density  distribution  was  ca’cviated  using 
Equation  B-9  for  the  radiant  heaters  tested  in  the  experimental  program 
and  the  results  compared  with  experimental  data. 

3.  1  Disc  Source  (GFP  Gasoline  Heater) 

The  GFP  gasoline  heater  with  the  large  conical  reflector, 
shown  in  Figure  52  was  used  for  comparison.  Its  representative 
dimensions  in  inches  are! 

R  =  12,  R.  •-  \  L  =  12,  R  =  6, 

o  _  i  s 

and  R  =  9.  5,  R  =  3 
e  s 

The  preheater  caused  a  reduction  in  the  effective  source 
area  of  30  percent.  Test  measurements  were  made  at  an  average 
black  body  source  temperature,  Tg  =  1200CF  and  a  corresponding 

I  =  3660  BTU/hr-ftZ-rad. 

Figure  B-3  shows  a  comparison  of  experimental  and 
theoretical  values  for  radiant  flux  density  for  the  gasoline  heater  at 
receiver  distances  of  H  =  4  and  8  ft.  The  error  between  calculated 

and  measured  values  is  seen  to  be  quite  small. 

3.  2  Cylindrical  Source  (Pyrocore  Heater) 

The  Pyrocore  heater  with  its  original  parabolic  reflector 
has  the  following  dimensions  in  inches; 

R  =  5.75,  R.  =  1.25,  R  =  1.25,  L=  5.  5,  L  =2.5 

O  l  ’  s  s 

and  R  =  1.  25,  R  =  3.  5 

s  e 
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Flux  Density,  BTU/hr-ft 


“St  meas“rem'"<=  *e«  made  at  an  average  black  body  source 
temperature,  Tfc  -  1570  *F  and  a  corresponding  ^  =  9300  BTU/hr -ft2 -rad. 

igure  -  shows  a  very  good  correlation  between  calculated  and 
measured  values  of  the  radian,  hea,  fa  distribution  a,  receiver  dis- 
tances  of  4  and  8  feet  from  the  heater. 


3-  3  Cylindrical  Source  (HOT -TOT) 


.  The  Hot-Tot  heater  with  the  conical  reflector  has  the 

following  dimensions  in  inches: 


Ro  =  1L  5’  -  5,  Rg  =  4.  25, 

and  Kg  =  4.25,  R  =4.25 


L  -  12,  Ls  =  6 


Test  measurements  were  made  at  an  average  black  body 


- —  «vciage  DiacK  body 

h  ftz&  emperatUre  TS  ~  i540‘F  and  a  cor respons ing  I  =  8750  BTU / 

r'  ’  FlgUre  B'5  Sh°WS  a  8°od  correlation  between  calculated 


_  . _  ,  -  LctiLuidtea 

and  measured  values  of  the  radian,  hea,  flu*  d.stribution  at  receiver 
distances  of  4  and  8  feet  from  the  heater. 


3-  4  Hemispherical  Source 


u  TUe  T'e^ter  -Miller  Associates  radiant  heater  using  a 

Turbo-Torch  burner,  a  hemispherical  source,  and  a  parabolotdal 
reflector  has  the  following  dimensions  in  inches 


Ro  ~  12>  Ri  =  2 


R  =  ~  3,  L  =  8,  L  =5 


and  R  =1.5 


s  •  Re  =  7 
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xJ 


3  % 
a 


%  # 


Flux  Density  Distribution  of  the  Hu] 


Hot  -  Tot  Heater 


Test  measurements  were  made  at  an  average  black  body 
source  temperature  of  T  =  1450  °F  and  a  corresponding  I  =  6960  BTU/ 

hr.  ft^  rad.  Figure  B-6  shows  a  comparison  between  calculated  and  measured 
values.  The  measured  performance  is  seen  to  be  much  lower  than 
theoretical  predictions.  This  is  felt  to  be  due  to  a  non -optimum 
reflector.  As  discussed  in  Section  6.4. 5  a  hyperboloidal  reflector  design 
would  possibly  result  in  improved  performance. 

3.  5  Conclusions 


Based  on  the  good  correlation  between  calculated  and 
measured  values  of  the  radiant  heat  flux  distribution  at  the  receiver 
for  a  variety  of  source  geometries  and  reflectors  it  is  concluded  that 
Equation  (B-9)  is  a  good  approximation  for  use  in  heater  design. 


Selection  of  Optimum  Source  -  Reflector  Design 


Three  source  geometries,  disc,  cylindrical  and  hemispherical 
were  theoretically  compared  under  identical  conditions  of  total  heat 
flux  radiated,  that  is  source  area  and  temperature,  to  select  the 
optimum  design.  Each  source  was  assumed  to  have  an  optimum 
reflector  design  to  fit  within  the  same  overall  envelope  as  discussed 
in  Section  2  of  this  Appendix. 


For  the  purposes  of  comparison,  the  values  for  the  hemispherical 
heater  were  taken  as  standard,  that  is, 

source  area  =  A 

s 

envelope  —  LRq 


=  113  in2 

=  96  in2 
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The  corresponding  heater  dimensions  in  inches  are; 

(1)  Disc  Source  with  Optimum  Conical  Reflector; 

Rq  =  8,  =  6,  L  -  9.  5,  cone  angle  =  23° 

(2)  Cylindrical  Source  with  Optimum  Paraboloidal  Reflector: 

Ro  =  12’  Rs  =  2>  L  =  8>  Ls  =  9 

(3)  Hemispherical  Source  with  Optimum  Paraboloidal  Reflector 

R  =  12,  R  =  3,  and  L  =  8 
o  s 

Figure  B-7  shows  schematically  the  relative  size  and  configuration  of 
these  heaters. 

The  heater  performance  is  compared  in  terms  of  the  R„„  which 

r  D 

represents  the  ratio  of  the  flux  density  at  the  target  to  that  of  the 
source.  Figure  B-8  shows  the  distribution  of  R^  over  the  target  area 
for  target  distances  of  4  and  8  feet. 

The  results  show  that  the  R  p, j-j  from  the  hemispherical  source 
heater  is  almost  twice  that  from  the  disc  source  at  a  target  distance 
of  4  ft  and  at  least  50  percent  greater  at  a  target  distance  of  8  feet. 
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Radiant  Flux  Density  at  Target,  3TU/hr-ft 


<M 


Figure 


Radial  Distance,  Feet 

B-8  Comparison  of  Relative  Heating  Performance  of 
Different  Source -Reflector  Configurations 


APPENDIX  C 


DESIGN  SYNTHESIS  OF  A  RADIANT  BURNER 

This  Appendix  discusses  the  development  of  a  mathematical  model 
to  describe  the  operation  of  a  fuel  fired  radiant  burner.  The  analysis 
formed  the  basis  for  the  design  synthesis  of  a  hemispher ically  shaped 
radiant  burner. 

1 .  Radiant  Burner  —  System  Description 

A  radiant  heating  system  involves  a  radiant  source,  a  target 
to  receive  heat,  and  usually  a  reflector  or  lens  for  beaming  energy 
from  one  to  the  other.  Beaming  and  reception  are  complex  subjects 
discussed  in  Appendices  A  and  B.  However  a  radiant  burner  can  be 
described  rather  independently. 

A  radiant  burner  system  may  be  thought  to  consist  of  these 
components: 

(1)  A  mechanical  energy  source  to  force  the  air,  fuel 
and  mixed  gases  through  the  system; 

(2)  A  burner  to  react  the  fuel  and  stabilize  the  flame 
position; 

(3)  A  heat  exchanger  to  extract  the  heat  from  the  flame 
products  by  convection  and  deliver  the  heat  by  radiation. 

Although  it  may  not  appear  so  for  all  radiant  burners,  the  three 
functions  are  quite  distinct,  especially  in  a  parametric  description. 

In  addition  to  the  pumping,  burning  and  heat  transfer  functions,  some 
provisions  are  also  required  for  start-ups  and  control. 
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Figure  C-l  is  the  flow  diagram  of  a  most  complex  radiant 
burner  system  with  mechanical  pumping,  air  preheat  and  gas  products 
re -heat.  It  illustrates  the  ultimate  in  radiant  burner  for  these  reasons: 


(1)  Unlimited  pumping  head  permits  effective  heat  exchange. 

(2)  Air  preheat,  unlimited  heat  exchange  effectiveness  and 
re -heat  allow  the  radiant  surface  to  t>e  maintained  near 
maximum  possible  material  temperature. 

(3)  Air  preheating  by  exhaust,  gases  minimizes  the  heat 
uselessly  lost  in  the  exhaust  gases  thereby  minimizing 
fuel  consumption. 

These  factors  can  lead  to  a  compact  burner  and  a  small  radiant  surface, 
hence  small  reflector,  without  sacrificing  fuel  efficiency.  However, 
this  system  is  complex  and  costly  to  build.  Consequently  all  portable 
radiant  burners  are  simplified  and  consist  of  the  following  simple 
functional  features: 


(1) 

A  fuel -jet  air  inducer  or 

’'venturi'1 

pump: 

(2) 

A  single  burner  or  flame 

-holding 

zone; 

(3) 

Convective  heat  transfer 

from  the 

exhaust 

the  radiator  only  (no  air 

pre  -heat) 

and 

gases 


to 


The  parameters  and  trade-offs  for  this  latter  type  of  radiant  burner 
are  described  in  the  following  sections. 

A  schematic  arrangement  of  a  simple  radiant  burner  is  shown 
in  Figure  C-2,  Normal  operation  is  as  follows ; 
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(1)  Pressurized  air  in  the  fuel  tank  causes  liquid  to  flow 
to  the  fuel  pre -heater; 

(2)  Some  heat  extracted  from  the  burned  products  vaporizes 
the  fuel; 

(3)  The  jet  momentum  of  the  fuel  vapor  from  the  nozzle 
entrains  air  and  produces  pumping  "total  head"  in 
the  mixture; 

(4)  The  burner  converts  chemical  to  thermal  energy,  with 
some  head  loss; 

(5)  The  heat  exchange  surface  extracts  heat  convectively 
from  the  products,  with  temperature  differential  and 
head  loss; 

(6)  The  radiant  surface,  coincident  with  or  conducting  from 
the  convection  surface,  delivers  the  heat  extracted  from 
the  products. 

The  important  points  in  this  discussion  are  that  the  motive  power, 
the  burning,  and  the  heat  exchange  are  considered  separately,  and 
the  jet  pump  must  provide  all  the  head  for  the  latter  functions. 

The  system  can  be  described  quantitatively  in  a  fairly  simple 
manner  taking  into  account  certain  practical  factors  which  limit  or 
constrain  the  system  design. 

(1)  all  of  the  typical  fuels  to  be  used  in  the  present 
application  have  about  the  same  heating  value  at 


about  the  same  stoichiometric  air-fuel  mass  ratio. 

(20K  BTU/lb  fuel  t-i  15/1  air -fuel  mass -ratio). 

Richer  or  leaner  mixtures  will  not  burn  properly  and 
yield  lower  temperature  products,  which  is  always 
under s irable  for  fuel  economy  and  heat  transfer 
intensity. 

(2)  The  jet  pumping  properties,  (sonic  velocities  and 
specific  heat  ratios)  of  the  fuel  vapor,  inlet  air 

and  combustion  products  do  not  vary  significantly  with 
variable  operation  or  different  configurations. 

(3)  The  temperature  range  for  operation  of  the  radiating 
surface  do  not  vary  greatly  for  all  good  radiant  burners, 
say  between  1400  and  2100  F.  Low  radiant  intensity 

is  undesirable  at  the  one  extreme,  material  and  heat 
transfer  problems  and  high  exhaust  heat  loss  limit  the 
upper  temperature.  Since  this  temperature  range  is 
small  compared  to  the  peak  temperature  of  the  burner 
products,  about  3500 °  F,  then  the  heat  exchanger 
effectiveness  can  be  adequately  determined  using  a 
constant  or  mean  temperature  for  the  radiant  surface. 


Parametric  Design  of  a  Radiant  Burner 


The  parametric  design  of  a  simple  radiant  burner  must  com¬ 
bine  the  following  major  factors: 


(1)  the  pressure  rise  in  the  fuel-air  jet  pump; 


(2)  the  pressure  drop  of  the  flow  through  the  burner  and 
through  the  convective  heat  exchange  surface; 

(3)  convective  and  conductive  heat  exchange  to  the 
radiant  surface; 

(4)  radiant  release  of  heat. 


These  four  factors  a 
parameters  are  then 


re  analyzed  separately.  The  appropr.ate 
matched  to  achieve  an  optimum  design  synthe 


s 


is. 


2.  1 


Jet  Pump  Design 


As  discussed  in  several 
maximum  pressure  rise  possible  in  a 
flow  ratios  and  inlet  properties.1  In  d 


reference  works  the 
jet  pump  is  a  function 
imensionless  form 


of  mass 


Pe/Pa  =  0  (wa/„f.  pa/Pf,  TaMf/TfMa,  kaAf,  c„/c„,) 


”pa'  pf; 


where  the  symbols  refer  to 


(C-l) 


w  =  weight  flow 

P  =  pressure 

T  ~  temperature 

M  -  Molecular  weight 

k  =  ratio  of  specific  heats 

Cp  specific  heat,  constant  pressure 

and  the  subscripts  refer  to 


Numbers  refer  to  literature  cited  at  the  end  of  Appendix  C. 
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ambient  air 


jet  pump  outlet 


In  the  simple  burner,  many  of  the  ratios  are  nearly  fixed,  and  in  addition, 
the  optimum  performance  is  rather  insensitive  to  the  more  independent 
variables,  such  as  fuel  pressure  and  temperature.  For  instance,  for 
typical  fuel  pressures,  fuel  preheat,  and  jet  nozzle  designs,  the  jetting 
velocity  remains  about  1000  fps.  In  our  case  the  pressure  rise  is  quite 
small,  so  the  air  flow  is  nearly  of  constant  density,  and  the  fuel  flow 
is  only  about  7  percent  of  the  air  flow.  Consequently,  a  very  simplified 
analysis  of  the  jet  pump  will  illustrate  its  action  and  estimate  the 
pressure  rise  adequately. 

Referring  to  Figure  C-3,  the  approximate  expressions  for 
momentum  balance  and  fluid  flow  are: 


(P2  -  Vs  A  =  Wf  (C  -  V)  +  Wg  (Va  -  V) 


(P2  '  PL)g  A 


(p2  -  v 


(p2  -  v 


wf  (C  -  V)  +  0 


w  wr 

it 


pv  wf 

—  (c  -  v)  7T 

g  w 

a 


(C-2) 


P  2 

p3  ' 


(C-3) 


p  2 

P  »  P.  +  r-  V 
a  1  2g 


AP  =  P0  -  P 
3  a 


(C-4) 


(C-5) 


Diffuser 
Se ction 


Figure  C-3  Schematic  of.  Jet  Pump 


where 


2 

P  =  pressure  lb  f/ft 

(>  =  density  lbm/ft^ 

V  =  velocity  In  mixing  section  ft/sec 

C  =  fuel  vapor  jetting  velocity,  near  sortie  ft/sec 

g  =  gravitational  constant  32*17  lbm  ftp 

lbf  sec 

T)  =  diffuser  efficiency  dimensionless 

2 

AP  =  net  pressure  rise  lb  /ft 

(This  analysis  neglects  the  change  in  air  velocity  in  the  mixing  section, 
and  includes  all  wall  friction  losses  with  diffuser  efficiency.)  If  c 
1000  fps,  w  /w  =  15,  and  q  -  0.7,  the  equations  combine  to: 

3  I 

0  2 

Ap  =  -  (133  v  -  0.433  v  )  (C-6) 

for  which  Ap  is  a  maximum  and  equal  to  just  over  2  inches  of  wager  gage 
when  v  =  300  fps.  This  value  compares  well  with  experimental  results 
obtained  by  the  Wingaersheek  Co.,  for  air- fuel  jet  pumps  designed  for 

A  2 

maximum  Ap. 

The  major  conclusion  from  the  above  discussion  is  that  in  a 
typical  radiant  burner  design  a  total  pumping  head  of  about  two  inches  of 
water  is  available. 

If  less  head  is  required  for  the  system,  a  non-optimum  jet 
pump  design  or  an  inlet  damper  valve  may  be  used.  If  more  head  appears 
very  desirable,  slight  gains  may  be  achieved  with  higher  fuel  preheat,  super¬ 
sonic  fuel  nozzles,  and  multiple-staged  pumps,  but  the  effort  may  not  be 
worth  the  cost. 

2. 2  Basic  Burner  Design 

Burner  design  is  a  complex  and  rather  experimental  art. 
However,  most  design  problems  concern  construction,  control, 


life,  noise,  and  cleanliness,  rather  than  the  basic  parameters  of  efficiency 
of  burning  and  pressure  drop.  With  premixing  of  air  and  fuel  vapor, 
energy  efficiency  is  usually  above  95  percent,  and  pressure  drop  can 
be  reduced  simply  by  designing  for  a  low  through -flow  velocity,  if 
the  geometxuc  constraints  are  not  severe. 

Burner  volume  is  little  proolem  in  the  present  application. 
For  example,  the  low  velocity  burning  zone  of  the  Government  furnished 
heater  is  about  1/4  inch  deep  by  12  inches  in  diameter  (between  honey¬ 
comb  flame  bolder  and  wire  screen)  with  a  burning  intensity  of  about 

/  O 

2  (10)  BTU/hr  ft  .  At  the  other  extreme,  the  high  velocity 

Wingaersheek  Turbo  Torch  flame  zone  is  about  3x1  inch  length  by 

6  3 

diameter,  with  an  intensity  of  about  25  (10)  BTU/hr  ft  .  Both 
burners  have  efficient  combustion  to  near -stoichiometric  flame  tem¬ 
perature  with  about  30,000  BTU/hr  heat  release  from  the  fuel.  Between 
these  extremes,  a  burner  can  be  configured  conveniently  for  any  radiant 
heater  with  an  acceptable  pressure  loss. 


The  pressure  drop  in  a  burner  is  caused  in  two  ways: 
by  fluid  friction  in  the  flameholder  section  and  perhaps  flame  tube,  and 
by  acceleration  of  the  flow  due  to  temperature  rise.  Flame  holding 
usually  occurs  at  the  end  of  a  flow  restriction  (e.  g.  laminar  flow  tube 
matrix,  porous  sheet,  bluff  body,  sudden  expansion,  or  swirl  vanes). 

From  experimental  correlations  for  fluid  flow  or  drag  the  pressure  loss  is: 


^  ;  cl  -h 


2  r  _TlL 

V  '  L  2  pg 


where 

CT  -  dimensionless  loss  coefficient 

p  =  density 
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gravitational  constant, 


32.17  iDm 


Ihm  ft 


lb  f  sec^ 


weight  flow  rate  per  cross-sectional  area,  lb  /ft* 
velocity,  ft/sec 


The  pressure  drop  due  to  burning  acceleration  in  a  constant  area 
section  (typical)  is: 


(~  -  7-)  c2/g  = 

p2  p2 


(T2/Trl) 


**  7 


where  1  and  2  subscripts  are  for  up-  and  downstream  condition.  This 

pressure  drop  is  usually  a  total  loss  because  recovery  or  diffusion 

2 

of  the  downstream  dynamic  head,  G  /2  p^g  ,  is  not  accomplished. 

Clearly,  both  forms  of  pressure  loss  can  be  reduced 
by  reducing  mass  flow  velocity,  G^ .  For  example  the  VVingaersheek 

Turbo  Torch  burner  (1  in  dia.  )  has  a  high-velocity  burner  pressure 
drop  of  about  2  inches  of  water,  equal  to  the  total  pressure  rise  in 
the  jet  pump.  If  burner  diameter  were  doubled  Fr  the  same  flow 
rate,  pressure  loss  woula  be  only  about  1  /8  inch. 

2.  3  Convective  Heat  Transfer 


The  objective  for  convective  heat  transfer  design  is  to 
extract  the  maximum  heat  from  the  gases  without  exceeding  the  flow 
pressure  drop  available,  using  a  geometry  suitable  for  the  radiant 
surface  and  convenient  for  mechanical  design.  There  are  many  factors, 
analytic  and  practical,  and  many  configurations  may  be  investigated 


"irVr  c  In  rfiVii'  ij'lrtiUMiiiiiifijiHal"  % iY ijilliilH 'll 


However,  if  a  generally  desired  configuration  is  proposed  for  the 
radiant  surface,  the  convective  parameters  can  be  studied  in  a  fairly 
direct  manner. 

Specification  of  the  radiant  surface  for  the  purpose  of 
designing  the  convection  surface  requires  a  statement  of  the  following: 

(1)  Radiant  area  and  general  shape, 

(2)  Surface  temperature, 

(3)  Heat  rate  per  unit  area 

In  addition  there  are  <wo  possible  approaches  to  design  based  on  whether 
(a)  the  gases  flow  thr.ugh  the  radiant  surface,  or  (b)  the  gases  flow  past 
but  not  through  the  radiant  surface.  These  two  basic  approaches  are 
shown  in  Figure  C-4.  The  fundamental  difference  between  the  two  ap¬ 
proaches  is  that  in  (a)  all,  or  most  of  the  radiant  surface  will  be  cooler 
than  the  exhaust  gas  temperature;  in  (b)  the  radiant  temperature  of  the 
surface  can  decrease  as  the  hot  gases  cool,  with  only  the  terminal  section 
of  the  radiant  surface  cooler  than  the  exhaust  gases.  With  method  (b) 
either  fuel  efficiency  can  be  increased,  with  a  given  mean  radiant 
temperature  but  lower  exhaust  heat  loss,  or  radiator  size  can  be 
reduced  with  a  higher  mean  temperature  and  the  same  efficiency,  but 
not  both  independently.  For  preliminary  design  purposes  it  is  usually 
satisfactory  to  consider  the  radiant  surface  at  a  constant  temperature 
for  either  flow  scheme,  (a)  or  (b). 

The  heat  extracted  from  the  gases  may  be  expressed 

simply  as 

O  =T]  wc  (T  -  T) 
c  h  p  g  r 
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where 


w 

c 

p 

T 


heat  exchanger  efficiency,  dimensionless 
gas  weight  flow,  lbm/sec 

gas  specific  heat,  constant  pressure  ,  Btu/lbm°F 
maximum  or  inlet  gas  temperature  ,  °F 
average,  lowest,  or  exit  radiant  temperature  ,  °F 


Heat  exchanger  efficiency  may  be  expressed  as  a  function  of  net  transfer 

units,  NTU,  as  discussed  in  standard  texts.  ^  This  factor  is 

defined  as  UA/w  c  ,  where  U  is  a  net  conductance  of  the  heat  transfer 

P 

area,  A.  The  analysis  can  include  effects  of  varying  metal  tem¬ 
perature  and  metal  conduction.  However,  for  most  situations  of  present 
interest  it  is  satisfactory  to  use  the  approximations: 


U 


(C -10) 


^h  %  1  -  exp  (-NTU)  ~  1  -  exp  (-hA/w  c  ) 

P 

where  h  is  the  surface  or  gas  film  conductance 


(C-ll) 


This  is  the  simple  exponential  function  in  which  one  NTU  yields 
63  percent  efficiency  and  3  NTU  yields  95  percent  efficiency.  If  fuel 
efficiency,  hence  exhaust  heat  loss,  is  of  some  concern,  NTU 
between  1  and  3  must  be  employed. 


The  previous  equations  are  used  to  match  the  heat  ex¬ 
tracted  convectively  to  that  delivered  by  radiation.  In  a  typical 
situation,  the  gas  inputs  and  desired  efficiency  are  known,  and  it 
remains  only  to  provide  the  required  NTU  or  (hA).  There  are  very 
many  forms  of  surfaces  or  matrices  that  are  used  to  develop  con¬ 
ductance,  or  forced  convection  from  the  gas  stream  boundary  layer 
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or  film,  such  as  flat  plates,  tubes,  fins,  pins,  screens,  fused  spheres, 

etc.  Data  for  these  surfaces  are  given  in  the  literature  compiled  as 

1  3 

dimensionless  variables.  *  For  present  purposes  the  correlations  are 

usually  given  as  N0t  or  N.,  and  f  versus  N„  and  N*,  . 

St  Nu  Re  Pr 


N 


St 


=  h/C  c  ;  N  =  hD/k  ;  Nn  -  GD/p  J  N  =  pc  /k 
p  Nu  Re  E'r  p 


where 


h 

G 

f 

c 

P 

D/4 

L 

k 

u 

A 

A 


N 


St 


Nu 


Re 


Pr 


O  Q 

film  coefficient,  Btu/ft  hr  F 

2 

weight  flow  per  unit  area  Ib/hr  ft 
gas  flow  friction  factor 

gas  specific  heat,  constant  pressure,  Btu/lb^F 
hydraulic  radius,  A^L/A 

length  of  gas  flow  path,  or  depth  of  matrix,  ft 

gas  thermal  conductivity,  Btu/hr  ft°F 

gas  viscosity,  lb  / ft  sec 

m  2 

total  area  "wetted"  by  the  gas,  ft 

t 

cross-sectional  area  for  flow  (minimum,  usually),  ft" 

Stanton  Number 

Nusselt  Number 

Reynolds  Number 

Prandtl  Number 


The  above  nomenclature  is  defined  in  Figure  C-5 


Since  desired  NTU  and  available  pressure  drop,  Ap,  are  given, 
a  very  significant  approximation  (exact  in  differential  form)  can  be  used, 
namely: 
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Exchanger  for  a  Radiant  Burner 
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s 


(C- 


Ap~  (-%r}  (NTU)  (Wat)/1* 


Here  p  is  the  average  value,  proportional  mainly  to  absolute  gas 
temperature.  Also  jj  is  the  surface  or  "fin"  effectiveness,  involving 
local  temperature  gradients  in  the  fin  material  or  matrix.  It  is 
usually  near  unity  for  compact  heat  exchangers  and  to  avoid  hot  spots 
in  the  structure.  It  occurs  that  for  practically  all  compact  heat  ex¬ 
change  surfaces,  and  over  a  wide  range  of  flow  conditions  (i.e. 

100  <  N^e  <  10,000)  the  ratio  f/Ngt  varies  only  over  a  narrow  range. 
Considering  the  previous  relation  between  Ap  and  NTU,  and  the  gas 
parameters  that  are  constant,  the  only  remaining  variable  is  G,  in¬ 
versely  proportional  to  Ac>  In  short,  there  is  no  way  to  meet  the 
heat  transfer  and  pressure  loss  requirements  except  by  limiting  the 
throughflow  velocity,  using  sufficient  flow  area.  Due  to  this  fact,  the 
configuration  of  the  radiant  surface  often  directly  dictates  whether  the 
heat  exchanger  can  be  of  the  flow-past  type  or  must  have  the  gases 
flow  through  the  radiant  surface. 


After  the  flow  velocity  is  determined,  the  data  for  a 
particular  type  of  heat  exchange  surface  or  matrix  can  be  used  to 
determine  the  film  coefficient  and  surface  area,  h  and  A  Then  if  a 
characteristic  dimension,  D,  of  the  passages,  fins,  or  screens 
is  selected,  the  flow  length  or  depth  and  total  volume  of  the  heat 
exchanger  can  be  determined.  Total  volume  involves  a  geometric 
solidity,  cr,  or  packing  density,  p  ,  such  that 

Volume  =  L  A  /<r  =  A  P 

Note  that  p  is  dimensional.  The  packing  density  increases  in  direct 
proportion  as  the  characteristic  dimension  decreases  for  geometrically 
similar  structures.  In  other  words,  the  volume  of  the  heat  exchanger 
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u 


can  be  reduced  by  using  smaller  elements  such  as  tubes  or  wires. 
Heat  transfer  and  pressure  drop  are  not  much  affected,  due  to  the 
near  constancy  of  the  factor  f/Ngt> 

2.  4  Radiant  Heat  Transfer 

Radiant  transfer  is  described  by  simple  relations,  but 
the  constants  involved  are  poorly  kn<  wn  and  the  equations  are  difficult 
to  manipulate  with  other  heat  transfer  analysis.  The  approximate 
relation  suitable  for  radiant  burner  design  is 

es  =  ea  (Tr/1000)4 


Symbols: 

eg  =  emissive  power,  BTU/hr-ft^ 

e  =  total  emissivily,  dimensionless  function  of  surface 
temperature  and  material  condition 

a  =  Stephan  Boltzmann  constant,  17  30  BTU/hr  ft^  -(  R /  J  000  i4 

Tr  =  Radiant  surface  absolute  temperature,  R 

To  obtain  the  total  heat  flux  from  a  surface,  this  equation  must  be  integrated 
over  the  entire  radiant  surface.  Considering  the  uncertainty  of 
emissivity  and  the  uncertain  or  approximate  nature  of  the  other 
estimates  for  the  radiant  burner,  it  is  usually  satisfactory  to  use  area 
average  values  for  emissivity  and  temperature,  at  least  for  initial 
estimates,  e.  g. 
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Qr  =  Ar  e  a  (Tr/1000) 


A  =  total  radiant  surface  area,  ft 
r 


O 


=  Radiant  flux,  BTU/hr 


An  error  in  this  analysis  can  occur  if  the  reflector  system 
used  with  the  radiant  burner  is  shaped  so  that  some  of  the  emitted  flux 
is  returned  to  the  hot  surface,  such  as  with  a  spherical  back -reflector 
for  a  relatively  large  spherical  source.  Rough  estimates  of  the  local 
reduction  in  emissive  power  can  be  made,  although  accurate  analysis 
is  quite  complex.  (See  Appendices  A  and  B  for  a  general  discussion  of  source - 
reflector  action.) 


3.  Design  Synthesis 

As  stated  in  the  beginning  of  Section  2  parametric  design  of  a 
radiant  burner  must  consider  the  flow  rate -pressure  characteristic  of 
convective  heat  exchange  and  radiant  heat  release.  The  simplifying 
conclusions  reached  for  practical  design  purposes  are: 

(1)  maximum  pressure  upstream  of  the  heat  exchanger  is 
almost  constant; 

(2)  pressure  limitations  lead  to  an  approximate  upper 

limit  on  through-flow  velocity,  depending  on  desired  fuel 
efficiency; 

(3)  radiant  area  and  convective  area  can  be  different,  but 
the  two  heat  fluxes  must  match  and  the  gas  flow  area 
must  suit  the  radiant  configuration; 
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(4)  there  are  many  surfaces  or  matrices  that  can  be  used 
for  compact  heat  exchange. 

A  general  conclusion  from  the  study  on  reflector  effectiveness,  Section  4, 
is  that  if  the  minimum  target  heat  flux  is  specified  over  a  transverse 
span  and  axial  range  that  is  large  compared  to  reflector  envelope  di¬ 
mensions,  and  if  the  source  shape  (i.  e.  plane,  cylinder,  sphere)  is 
specified,  then  the  reflector  can  be  optimized  and  the  required  source 
flux  can  be  estimated  fairly  well.  Then,  for  a  given  radiant  flux,  the 
variation  of  design  parameters  can  be  presen'  ed. 

Perhaps  the  primary  variable  for  a  simple  radiant  burner  is 
nominal  fuel  heat  rate,  proportional  to  fuel -air  flow.  Using  this  as 
the  independent  variable,  the  other  parameters  can  be  presented  as  in 
Figure  C-6,  correlating  areas  and  temperatures.  Then  if  several 
possible  types  of  heat  exchange  surface  are  investigated,  the  amount  or 
volume  of  the  heat  exchange  material  can  be  presented  as  a  function  of 
a  characteristic  dimension  of  the  matrix,  as  shown  in  Figure  C-7. 

This  should  assist  in  selecting  a  matrix  type  of  configuration. 

The  next  section  describes  the  design  synthesis  of  the  Foster  - 
Miller  Hemispherical  Radiant  Burner.  The  design  development  takes 
into  consideration  the  parametric  variation  of  the  previous  sections. 

4.  Design  Synthesis  of  the  Foster -Mille r  Hemispherical  Radiant  Burner 

Most,  available  radiant  burners  use  screens  or  a  matrix  as  the 
radiant  surface  and  flame  holder,  with  low  throughflow  velocity.  This 
results  in  a  large,  low-intensity  radiant  surface,  but  it  only  requires  a 
very  slight  pressure  rise  in  the  jet  pump.  As  an  example  of  the 
opposite  end  of  the  design  spectrum,  a  radiant  burner  was  designed  to 
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Fuel  Rate 


Figure  C-6  Typical  Variation  of  Radiant  Burner  Parameters 
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utilize  a  high-pressure  jet  pump  and  a  convective  heat  exchange  surface 
that  is  contiguous  with  but  not  the  same  as  the  radiant  surface.  The 
design  is  not  claimed  to  be  "optimum"  for  any  fixed  criteria,  but 
rather,  it  is  an  attempt  to  illustrate  a  compact  burner -heat -exchanger 
that  is  suitable  for  a  roughly  spherical  snurce-reflectnr  system.  A 
description  of  the  design  and  underlying  assumptions  follows. 

4.  1  Burner  Design 

The  burner  chosen  is  a  propane  burning  torch,  manufactured 
by  Wingaersheek  Corp.  ,  Lynn,  Mass.  This  burner  is  compact  for 
its  nominal  heat  rate  of  30,000  BTU,  and  has  a  relatively  high  pressure 
jet  pump  in  order  to  obtain  the  highest  flame  velocity  for  the  maximum 
local  surface  heating  rate.  This  velocity  is  diffused  in  our  design  in 
order  to  recover  the  static  pressure  required  to  force  the  gases  through 
the  heat  exchange  matrix.  Figure  C-8  shows  a  schematic  of  the  burner. 

A  burner  designed  specially  for  this  application  would  be 
larger  and  would  use  a  jet  pump  "trimmed"  to  develop  maximum  static 
pressure  at  the  burner  exit.  This  would  minimize  the  inefficiency 
resulting  from  acceleration  and  diffusion  of  the  burner  flow. 

The  burner  output  is  described  as  follows,  using  physical 

4  3 

constants  from  Marks  and  Kays  and  London; 

(1)  fuel  flow  =  1.  4  lb  propane/hr 

(2)  combustion  products  flow  =  23  lb/hr 

(3)  flame  temperature  =  3540°F  or  4000CR 
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Jet  Pump 
Zone 


Flame  Zone 


4 - _  From  Propane  Bottle 

CKgare^^chematic  of  ] 


lyrbo^JTorch  Burne 


(4) 


combustion  products  specific  heat  =  approx. 

0.  3  BTU/lb 0  F 


(5)  combustion  products  density  -  air  at  comparable 

temperature. 

Based  on  the  burner  flame  tube  of  one  inch  in  diameter,  the  flow 
parameters  for  the  burner  exhaust  are  computed  to  be: 

(1)  area,  Ac  =  5.  46  (10)'3  ft2 

(2)  specific  volume,  =  100  ft3/lb 


(standard  air)  — 


R  (flame) 


R  (standard  air) 


(3) 


weight  flow  per  unit  area,  G  -  4200  lb/lir  ft/ 


(4) 


dynamic  pressure, 


C2/2  Pg 


2.  12  lb/ft2 


2.  12  lb /ft2 


0. 41  inches  water  gage 


(5)  Reynolds'  number,  R£  -  GD/p  -  2200 


On  the  assumption  that  a  diffuser  cone  attached  to  the 
exhaust  of  the  burner  can  recover  as  static  pressure  about  70  percent 
of  the  flame  dynamic  pressure,  the  maximum  pressure  drop,  Ap 
allowable  in  the  heat  exchanger  is  estimated  to  be  approximately 
1.5  lbs/ft2,  at  nominal  flow  rate.  (With  greater  restriction  and  pressure 
drop,  the  burner  jet -pump  would  yield  less  airflow  for  the  same  fuel 
flow,  so  the  burner  would  run  rich  with  reduced  heat  rate.) 
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4.  2  Heat  Exchanger  Design 


An  effective  heat  exchanger  for  this  particular  application 
and  for  the  burner  design  developed  can  be  parametrically  specified  as 
one  having  a  mean  radiant  temperature  of  1540' F  and  ai:  exchanger 
effectiveness  of  63  percent.  Then  using  the  equations  of  Sections  2.  3 
and  2.  4,  the  following  design  values  were  obtained: 

(1)  convective  and  radiant  heat  rate, 

Q  =  n,  w  C  (T  -T  )%  1  k  BTU 
h  p  g  r 

(2)  required  radiant  area,  (e  ~  0.0) 

Ar  =  Q/€  a  (Tr/1000)4  =  0.  36  ft2  =  52  in2 

(3)  nominal  over -all  heat  efficiency,  radiant  heat 
rate/nominal  fuel  heat  rate  30  percent 

These  values  represent  a  fairly  compact  radiant  burner 
with  a  fair  fuel  efficiency. 

A  convective  heat  exchange  surface  that  "fits  inside" 
the  radiating  surface  area  and  also  achieves  the  desired  effectiveness 
is  required.  An  effectiveness  of  63  percent  corresponds  to  a  NTU  - 
1.0.  Then,  using  the  generalized  equation  for  pressure  drop,  the 
maximum  allowable  specific  flow  rate  for  any  exchanger  matrix  is 
calculated  to  be, 


^P  =  (G2/2pg)  (NTU)  <f/NSt)  /  r,s 

Ap  <  1.5  lb/ft2  ,  G  <  2000  lbs/hr  ft2 
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assuming  that  V  will  be  about  0.  9  and  (f/Nc.)  about  3  or  4  for  pin-fin 
s  ot 

matrices. 

vj 

This  value  of  G  dictates  that  the  minimum  through -flow 
area  of  the  heat  exchanger  must  oc  more  than  twic  e  the  burner  exhaust 
area,  or  1.  65  in  . 

The  heat  exchanger  design  is  based  on  the  maximum 
permissible  velocity  to  provide  the  most  compact  design.  The  required 
minimum  surface  area  can  be  computed  for  any  spec  ific  matrix  design 
(such  as  pin  size  and  spacing)  using  empirical  data  and  the  relationships 
described  in  Section  2.  3.  For  this  design  we  chose  to  use  small  pins 
spaced  one  or  two  diameters  apart,  staggered  and  roughly  normal  to 
the  gas  flow  and  the  radiant  surface.  Simple  geometric  calculations 
indicated  that  in  this  case  the  flow  hydraulic  radius  is  about  the  same- 
magnitude  as  D/4,  such  that 

NRe  -  G  %  =  - 5715  '  *  100 

for  pins  ranging  in  diameter  from  1/8  to  1/16  inch,  a  practical  range 
for  prototype  construction.  Then  the  average  heat  transfer  coefficient 
is  calculated  from  the  following  correlations  to  be 

h/G  C  -  N  =  N  "2//3  C,  Nd  '°-4  %  22/103 
'  p  St  pr  h  Re 

Since  h  is  seen  to  be  a  weak  function  of  N^e>  the  pin  diameter  is  not 
critical. 


Knowing  h,  the  required  area  A  can  be  computed  from 
the  relationship 
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NTU  %  h  A  rj  /G  A  C  =  NCf  T)  A /A 
's'  c  p  St  s  '  c 


=  NTU  A  /Nc.  V  =  1  x 

c '  St  s 


1.15  10J  1 

100  x  22  x  0.  9 


A  0.  58  ft 


83  in 


Thus  the  required  convective  transfer  area  is  about  1.  5  times  the 

2 

radiant  area  of  52  in  .  This  is  not  hard  to  achieve  with  short  pins 
protruding  from  the  back  of  the  radiant  surface. 

The  heat  exchanger  was  designed,  fabricated  and  tested 
during  this  program  (see  Section  6.4  of  the  report  for  test  results)  to 
approximate  these  preliminary  design  specifications.  A  schematic 
section  is  shown  in  Figure  C-9.  The  approximate  radius  of  the  outer 
hemisphere  is  three  inches  and  the  pins  are  about  0.06  inch  diameter, 
protruding  0.16  inches  and  spaced  45  per  square  inch.  The  geometry 
oi.'ers  the  following  parameters: 


A  =  56.  5  in 

r 


A  =  124  in 


(3)  A^  «w  2  in  ,  adjustable 


The  test  model  has  more  heat  exchange  area  and  flow  area  than  the 
idealized  design  specification.  The  center  piece  is  adjustable  axially 
to  trim  the  burner -heat-exchanger  for  maximum  output. 
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